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SYNTHESIS AND CHARACTERIZATION OF P(OCH2CH2)3N

AND ITS DERIVATIVES



INTRODUCTION

The report of the syntheslis of trlethanol amine borate,
B(OCH,CH,) 4N, 1, by Rojahn® 1n 1933 instigated the study of
a unilque class of caged compounds of the general formula

M(OCHZCH2)3N where M = boron, 11 silicon,t2"35 tin,36—40

h1-143 35,4447 48-50

germanium, alumlnum, vanadium,

samarium,51 bismuth,52 titanium,35’39’53'56 zir'conium,55

57 58,59 60

hafnium,50 iron, and zinc. Tables 1,

molybdenum
2 and 3 1list the known compounds for these elements,

The unique feature common to these systems 1s an
internal N-M transannular coordinate bond whlch appears to

account for an array of extraordinary properties. The

p‘M 0
=1\
X“J “\4/;>
/
%

three five-member rings sharing a common slde account for

the frequent reference to these molecules as triptych2
structures. Voronkov,16 however, suggested that all triptych
compounds could be unified under the name "atrane" with an
appropriate preflx for the variocus bridgehead atoms (g.g.,
M=B, boratrane; M=Al, alumatrane; and M=SiH, silatrane).

Comparison of the lengths of the Voronkov and IUPAC names



Table 1. Boratranes (l-bora-5-aza-2,8,9-trioxatricyclo-
[3.3.3.0]Jundecanes

Compound Reference

1 1-4
2 5,11,14
3 6

4 R=H R'=CH 7,14




Table 1. (Continued)
Compound Reference
5 H 02H5 7
6 H CH=CH2 7
7 H C6H5 7
8 LH3 CH3 7
9 H CH 2-@ 7
(A
10 H CH2—N 7
IO\ 0
[N
| \
11 ON/ g ReH RU=0CH 7
: CH
=20



Table 1. (Continued)

Compound Reference
12 H 0C Hg 7
13 H OC6H5 7,11
ﬁ H OCH206H5 7
15 H OCH2CH=CH2 7
_:gg H O2C(CH2)16CH3 11
17 002H5 OCZH5 7




Table 1. (Continued)

Compound Reference
19 02H5 02H5 7
20 n-CzH,  n-CgH, 7
22 CH3 C6H5 1
g
’I \\\ 0

1=
23 ﬂ”‘\\\‘B/ \_ R=CH,C1 (|
) 2

24 CH,OH

25 CH,NH



Table 1. (Continued)

Compound - Reference
26 CHZCN 7
27 CHZNHCOQCH2C 6H5 7

8,14

N\
Ol N ///
31 %’ B R=CH,0C(H,  R'=CH 11
R ;‘ﬁ



-
& — D

\

\’/

Table 1. (Continued)
Compound Reference
32 CHy  CgH, 11
33 CgHy  CH, 11
ﬁ H CH2020(CH2)16CH3 11
§_§ CH3 CH2O2C(CH2)160H3 11
™\
I‘\
i N
36 I ?/\ 9
) I i l ‘\\//>
\
==
4
S0
;) - \\\
37 0 10



Table 1. (Continued)

Compound Reference

10

10
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Table 2. Silatranes (l-sila-5-aza-2,8,9-trioxatricyclo-
[3.3.3.0]undecanes)

Compound . Reference

4o R=H 13-16
Ca CHg 12,13,16
42 Col; 16,25
43 1-C.H, 16
4y n~CgH, 25
45 n-C,gHs, 13
46 CeH 12,13,16,24
47 CH,C ¢l 22
48 ?HC6H5 13
CH

”3



Table 2. {(Continued)

Compound Reference
49 F 15
50 CH,=CH, 13,16,25
51 CH,CH,CN 24
52 CH,C1 20
53 CH2N(C2H5)2 19
54 (CHy) 5C1 20
23 (CHy) JNH, 18,25
56 (CH,) JN(C,H), 19
57 (CH,) ,NHCH,,CH,NH,, 18

: .

58 CH2-N\__/O 19
59 (CH,) N/_\O 1
=2 2 3"\_—/ 9
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Table 2. (Continued)

Compound Reference

. w()
61 (CHy) 3=N ) 19

62 CH,SCH,CH,OH 21
63 CHchZQ ol
0
0
/\
64 (CH,) 30CH,CH~CH, 24
65 CH,0,CCH=CH, 17
66 CH,0,CC=CH, 17
67 (CH,) ,0,CCH=CH, 17
s
68 (CH2)2O2CC=CH2 17

69 (CH2)3O2CCH=CH2 17
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Table 2. (Continued)

Compound Reference
i
70 (CH2)3OQCC=CH2 17,24
71 (CH2)402CCH=CH2 17
CH3
72 (CH2)I40200=CH2
73 m-C6H4NO2 15
T4 m-C¢H,C1 16
76 CH2—p-C6HuF 22
OR
0,0‘.'5- 0
o
78 { R=H 15
\“
N
/
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Table 2. (Continued)

Compound Reference
79 CH 16,27
80 CEHS 12,13,16,27,29
81 n-C H, 16,27
82 1-C H, 16,27
83 n-CH 16,27
84 s-Cqu 16,27
85 1-C)Hg 16,27
86 £-C }Hg 16,27
87 n—CSHll 16,27
88 1-CcH) 16,27
89 neo-C_H 16,27

- 5711



Table 2. (Continued)

15

. Compound Reference
90 n-C6H13 16,27
91 n—CluH39 16,27
92 C6H11 16,27

i-C3H7

13

93
CH3

94 Cglie 16,28
95 C6F5 26
96 p-CH3OC6Hu 26
97 p-t-BuCgh) 16,28
98 p-C1CH) 16,28
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Table 2. (Continued)

Compound : Reference
100 m—CH3C6Hu 16,28
101 . p‘CH3C6Hu 16,28
102 . CH206H5 16,27
103 o-NO2C6Hu ' 16,28
104 m—NOQC6H)4 16,28
105 p-N02C6Hu 16,28

CH3
106 e 16,28
>__/
1—03H7
2

107 @01 16,28
c1
108 16,28
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Table 2. (Continued)

Compound B , Reference
109 C(O)CH3 15
110 C(0)C¢H, 15
111 81(CH,) 5 15
112 51(CgHz) 15
113 ' 51(0CH,CH,) N 15

: R

0. | 0

i
114 chydd | \\ R=H 14,15

i i )iy
L
CN&:N \/_ |

115 CH,§ 13
116 CeHe 13,16,22
117 c1 15

118 Br 15
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Table 2. (Continued)

Compound Reference
119 F 15
OR
S d
120 o] R=C,H 15
<Y CH§.4 5
k CH
\ 3
e\ /N .
V 0113
121 Si(OCHCH2)3N 15,30
R
0.1
L S

124

R=H 14,31
CgHy 15
R=H 14



19

Table 2., (Continued)

Compound Reference
125 - CoHyg 15
. R
Odi—o
126 07" R=CH, 32
i \‘ a0
“--
N Y
127 02H5 32
128 n-C3H7 32
120 n=C,H_ E¥
120 n=tyfy 3
130 CH=CH2 32
151 CGHS 32
133 p-ClC6Hu 32

[
N
jo
I
=
Q2
(@)
a3
J=

32

|



Table 2. (Continued)

Compound Reference
135 m—CH3C6Hu 32
137 CH206H5 32
138 CHa—p-ClcsHl4 32

R
N
139 Oysli ReCH, 33
., N
\’I
CH-7TN i
Chy ;
140 CH=CH2 33
)
141 CgHs 33
142 m-C1CcH,, 33



Table 2. (Continued)

Compound Referenae
145 OCH. 33
146 0C,H; 33
147 OC¢H; 33

0
148 33
R
N
! S ——0
149 0 \ R=CH, 34
|\u\!‘ i )y
V' ~O
\\\/Jj \\/
150 CH=CH,, 34
151 Cl 34
152 CoHy 34
153 OCH 34
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Table 2, (Contilnued)

Compound Reference

154 0C(0) ,CH 34

3

R=C6H5 35
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Table 3. Metalatranes (1-M-5-aza~2,8,9-trloxatricyclo-
[3.3.3.0]Jundecanes

Compound Reference

156 R=CH, 37,39, 40
157 C,Hs 37,39, 40
_1-_5_8_ n-Cqu 37939:“0
159 o 37,39, 40
160 OCH, 36
161 0-1-CH, 38
E_z_ O—n-Cqu 38
_]:_6_3 R=CH3 l-ll,Ll2
164 C. H 38,“1,“2

frodoai 2"5



24

Table 3. (Continued)

Compound : Reference

42

B

167 0C, H 43
168 0-n-C)Hy 43
169 0-s-CyHy 43
170 0-t-C)Hy 43

bl b5, 16,47

b7
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Table 3. (Continued)

Compound Reference

173 34
174 48,49,50
175 50

=
(@2
'\ .
I/o
e}
=
™~
e}
|
U
(@]



Table 3. (Continued)

Compound Reference
178 52
179 R=CgH, 53
180 0-CH,CH, 53
181 m-CH,C¢H) 49,53
182 0-CH,0CH, 49,53
183 p-1-CyH CcH) 49,53
1_8)4_ p_t'chgcqu U9, 53
185 p-C1C H) 49,53
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Table 3. (Continued)

Compound Reference
186 m-NO,.CcH), 49,53
187 p-NO,CgH), 49,53

Cl
188 (O Vo1 49,53
_>_/_
c1
Br
189 -@Br 49,53
Br
190 @ 49,53
191 okfe 49,53
H
192 I@/c 3 53
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Table 3. (Continued)

Compound Reference
193 S1(CHe) 55,56
194 S1(CH,CcHs), 55,56
195 $1(n-CgH, 5) 56

3

196 Si(C6H5)2CH3 55,56
197 Sn(CgHz) 5 54,56
198 Sn(n-Cqu)3 54,56
199 Sn(n-CuH9)2i-Pr 56

(@]
=

©
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Table 3. (Continued)

Compound Reference

cl
201 R = ~€::j>—01 53
cl
c1
\
202 R = @01 53
Cc1
203 R = 1-C,H, 34
204 R = Sn(Cglg)y 56

- 205 Si(CH206H5)3 56
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Table 3. (Continued)

Compound Reference
206 0 R = Sn(Cghy), 56
207 S1(CeHy) 5 56

OR
h “‘sl.’- —f
208 OT"“T '\ R = Sn(CgHg), 56
[\ )
\Vind
20 Sfl_(C6H5)3 56



Tapble 3. (Continued)

31

Compound Reference
'OO\\F 0
210 0 57
<\
‘\.
N
/
\ "4
211 58,59
212 60
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for 2 (3,7,10-trimethylboratrane versus 3,7,10-trimethyl-I-
bora-5-aza-2,8,9-trioxatricyclo[3.3.3.0]undecane) points up

an obvious advantage to the Voronkov system., For the

remainder of this dissertation the "atrane" terminology will
be used.

Boratranesl’2 are probably the most studied atranes and
the known derivatlves are listed in Table 1. The triptych
ure was favored hy Brown and Fletcher2 over the
bicyclic one because of the low chemical reactivity of 1.
Rates of reaction for quaternization of nitrogen by methyl

7

0
\

Blcyclic Tripfych

2
iodide and protonation of nitrogen by strong aclids™ compared

with the nitrogen of triethanol amine, tripropylamine, and
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quinuclidine (N(02H4)3CH) showed that the nitrogen lone pair
of 1 was not readily available.2 It was also found that 1
and 2 were orders of magnitude more stable'to hydrolysis
than acyclic alkyl borates B(OR)3.61_6M This evidence was

taken to be consistent with a triptych structure.

The lack of any examples of amine adducts of alkyl
9

borates” raised some objections to this conclusion. The

B-N transannular bond required by the tricyclic structure
would not only involve such an adduct but also a rehybrid-
ization and subsequent loss of prw-pm overlap of oxygen lone
pairs with an empty p-crbital of boron. These considerations
favored a bicyclic structure.

The equilibrium established in water solution for these

two geometries reported by Lucchesi and DeFor'd65 would

have 2

T 3 i~ TAan AT tha Tanr AlhAam S Al
towed the raticonalicaticn c¢f the low chomical

1
reactivity of 1 and 2. However, the assumption made by these
authors that a mixture of triethanol amine and boric acid

in water quantitatively forms boratrane is faulty. Experi-

ments with a mixture of these materials has shown no

1 9

infrared band characteristic of vB-N (1090 em ~) in 1.
Moreover, boratrane itself would have hydrolyzed61 to these
materials in the time allowed in their experiment.

The measured dipole moment for 1 and 2 (8.8 and 6.9

Debye, respectively) is much larger than that calculated66

using known bond moments and a bicyclic geometry. The
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triptych framework with B-N and 0-B bond moments aligned
along the molecular axils fits this data better than the
bicyclic structure.

Any remaining doubts about 1 and 2 having internal B-N
coordination and a triptych structure were dismissed by the

five reported crystal structure determinations.67-7l

Values
of the B-N bond length range from 1.65 - 1.69 R which is
slightly greater thaﬁ the sum of the covalent radii

(1.65 X72) and both nitrogen and boron are surrounded by a
distorted tetrahedron of atoms,

Thils triptych geometry appears to be the major factor
contributing to the stability of boratranes as evidenced by
thelr ready formatlon, which in some cases 1s exothermic,3
and the formation of a weak internal amine-borate adduct.
resents 2 steric barrier to
electrophilic reaction at nitrogen and nucleophilic attack
at boron owing to the presence of a B-N interaction. The
steric barrier arises from the configuration of the NCH2
protons blocklng access to nitrogen. In contrast,
hydrolysis of the tetrahedral borate molety is inhibited
compared to the planar boron geometry in B(OR)3 by virtue
of boron's four-coordination. The B-N interaction further
protects boratrane from reaction by partially filling the
empty p-orbital of boron and ralsing the ionizatlon energy

of the nitrogen lone pair.73
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The silatranes (M=S1-R) listed in Table 2 have been
extenslvely studied because of the unusual pentacoordinate

stereochemistry of silicon. Intermedlates 1n many organo-

silicon reactions are thought to be pentacoordinate,7u but
none are stable enough to lsolate., Silatranes by contrast
are quite stable, melting in the range 100 to 350¢,19210
and they can be recovered from acidic aqueous solution.15
Frye el al. o 12t the viiH band in the infrared
spectrum of 5_ was shifted to a lower frequency than that
expected for an organosilicon compound with an H8103

groﬁping; indicating an incréasé in thé éléctrbn density on
silicon. Voronkov16 found that lH nmr chemical shifts of
the nitrogen methylene hydrogens in 40-43, 46, 50, 79-86
and 102 to be 0.10 =~ 0.31 ppm down field from the value in
triethanol amine due to a decrease in electron density at
nitrogen. The dipole moments measured for 41, 43, U6, 50,

80 and 2&16 (larger than those calculated on the basis of a

bicyclic structure and larger than those measured for
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acyclic organotriethoxysilanes, RSi(OCzH5>3> indicate a
group moment of 5.2 # 0.2 D for -Si(OCHECH2)3N. The binding
energy of the nitrogen lone pair was found to be greater in
the UPS spectra of 40, 41 and 80 than that of triethancl
amine,73 These results also favor the triptych structure.

Crystal structure determinations of 46, 73, 152 and

75-178

155 confirmed this conclusion for the solid state. The

3i-N bond length varied (2.19, 2.12, 2.3L, and 2.34 &,

respectively) due to the variable electron-withdrawing

75,76

ability of the substituent on silicon and the steric

77

constraints of the fused benzene rings, 152. It is

possible that this bond length exceeds the sum of the
covalent radii (1.93 372) because of the steric require-

[y
ments of this geometry.7’

Silicon is pentacoordinate in a
vramidal configuration while nitrogen is in a
tetrahedral one.

The factors which presumably decrease the reactivity

of silatranes as given by Frye et gl.ls

are 1) the bridge-
head coordination of silicon in an essentially strain free
system precludes backside attack and reduces the likelihood
of flank attack; 2) peripheral groups (alkyl substituents
on ring carbon atoms) tend to impede the approach of an
attacking nucleophile; and 3) the increased electron
density from the Si-N dative bond partially fills silicon's

3d orbitals and makes them less available for incoming nucle-

ophiles. Each factor is a result of the triptych geometry.
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The remaining known atranes are listed in Table 3.
These compounds have not been as extensively studied as the
boratranes and silatranes, but the evidence for a triptych
structure predominates. While only the synthesis procedure
has been reported for a few compounds,51’52’56 they are
thought to have the atrane structure.

The work of Tzschach and Pénicked! and Tzschach et gl.uo
has established that stannatranes'liﬁflig are trilcycllc with
Sn-N coordinate bonds. The nitrogen methylene hydrogens were
observed at lower field than those of triethanol amine or

16

other alkyl amines as observed for sllatranes. The in-

crease In the tin-hydrogen couplling constant, 2J indi-

SnH?
cates an increase in the coordination number of tin to
five.79 The measured dipole moment of 156 1s also consistent

with a triptych structure and trigenal hipyramida’l coordi-
nation of tin. It 1s interesting that MOssbauer spectral
measurements were not found to be useful for determining the
geometry of stannatranes39 because of little or no difference
between the isomer shifts of acyclic and triptych compounds.
Germatranes were studled primarily by Voronkov et g;.qz
but the literature available in English does not contain a
great many detalls of their Investigation. Crystal struc-
ture determlnatilons are avallable, however, for ;gg and
‘ 1§§.80’81 These establish the triptych structure for

germatranes with trigonal bipyramidal germanium coordination
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and a Ge-N bond of 2.25 and 2.26 &, respectively (sum of
the covalent radii is 1.97 1).7°

Alumatrane exhiblts polymer-like properties in
solution. A molecular-weight determination produced a

4y

value six times the one expected. Hein and Albertus

have suggested a polymer structure with external Al-N

coordination. A polymer structure similar to that suggested

Tes ITA S n
v

. ~n .o 1~ — -~ - -~
v Hcin and Albert was proposed for the monchydrate of

ferratrane57 in which hydrogen bonding to a water molecule
linked adjacent molecules. This behavior can be attributed
to dipolar interactions of polar triptych molecules much as

was seen in concentrated solutions of boratrane.82

The vanadyl (V=0) band in the infrared spectra83 of
vanadatranes 174-176 was shifted to lower frequencies by
increased electron density on vanadium. Large dipole
moments (about 10 D)83 also show that these compounds have
colinear V=0 and N-V bond moments which is consistent with

a triptych geometry.
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Voronkov and Fai’cel'son,53 Peive et gl.,58 and Voronkov

1

and Lapsin59 used the "H nmr chemical shift parameter of the

methylene hydrogens adjacent to nitrogen and dipole moment
measurements to establish transannular N-M coordination for

titanatranes 179-202, 204 and 205, zirconatranes 206 and 207,

halfnatranes 208 and 209 and molybdatrane 211. Follner's60

crystal structure determination of zincatrane, 212 (Zn-N
distance of 2.15 K comﬁared to the sum of covaleﬁt radii of
2.0 ﬁ),72 and a distorted trigonal bipyramidal coordination
geometry around zinc added this compound to the atrane class.

The large number of nitrilotriacetic acid (NTA)
complexes8u precluded their inclusion in the present list
cf atranes. NTA generally functions as a quadridentate
ligand which is used extensively for the analytical
determination and separation of metals. ‘''ne one crystal
structure reported for an NTA complex, K3Zr(NTA)2,85
exhibits a triptych geometry with a Zr-N distance of
2.44 R,

The strength of the M-N transannular bond in atranes
depends upon the electronegativity of the M atom, 1its
ability to accept added electron density (empty orbitals)
and on the distance between M and N in the triptych
structure.86 Desplite the greater electronegativity of

87

phosphorus, P>B>Si, and the availability of d-orbitals

(like silicon) phosphatrane has hitherto not been
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syntheslzed, The only example of M with more than two p-
valence electrons 1is the reported synthesils of bismatrane,
;Z§.52 However, only the synthesis and no detalls of the
characterlzation of ll@, were included by the authors.

The goal of the research reported here was the
synthesis of phosphatrane, P(OCHZCH2)3N (213), and the
determination of whether the triptych structure was main-
tained in the presence of a lone pair of electrons on each
bridgehead atom. Also of interest was the chemlcal
reactivity of phosphatrane, since the possible donation of
nitrogen's lone palr to phosphorus would presumably render

phosphatrane a strong Lewls base.
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EXPERIMENTAL
Materials

Sclvents and materials unless specifically noted
otherwise were all of reagent grade or better. Methylene
chloride and chloroform were dried over LA Molecular Sileves
while acetonitrile was dried by refluxing with and distllla-
tlon from calecium hydride onto 4A Molecular Sieves.

Aromatic solvents were purifled by shaklng with concentrated
sulfuric acild, neutralized with saturated sodium bicarbonate
solution and dried by distilling off the water azeotrope
before collecting over L4A Molecular Sileves.

Tris(dimethylamino)phosphine (TDP) and the borane

adduct of tetrahydrofuran (H,.B:THF) were obtained from

iied. was distilled

’

3
Aldrich Chemical Co. The 90% TDP, as supp
under vacuum, Bp. 55-6° at 10 mm, betore use. Triethanol
amine (Fisher) was azeotropically dried wlth benzene and
distilled, Bp. 172-3° at 0.5 mm, before use. Potassium
superoxide (KOQ) and the hexacarbonyls of molybdenum and
tungsten were used as supplied from Alfa and Pressure

Chemical Co.,, respectively.
Nmr Spectra

All 1y nmr spectra were obtalned in 5-15% solutions
using either a Varian A-60 or a Hitachi Perkin-Elmer R20-B

spectrometer operating at 60 megahertz (MHz). Chemical
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shifts are given in ppm (8), a positive shift indicating a
reasonance at lower magnetic field than the internal
standard, tetramethylsilane. Coupling constants are
reported in cycles per second (Hz).

A Bruker HX-90 spectrometer was used to obtain 130 and
31P nmr spectra operating at 22.63 and 36.44 MHz,
respectively. The spectrometer was operated in the Fourier
Transform (FT) mede using the "block averaging" technique
to improve the signal to noise ratio. Carbon chemical
shifts are reported in ppm relative to internal tetramethyl
silane while phosphorus chemical shifts are reported in ppm
relative to external 85% ortho phosphoric acid. The carbon

spectra were white-noise proton decoupled while the

phosphorus spectra were obtained with and without proton

AercminTine
decoup.ling,

Infrared Spectra

A Beckman 4250 spectrometer was used to obtain infrared
spectra of samples in solution (0.05 - 0.01 M) and in KBr

pellets. The spectra were calibrated with polystyrene.
Mass Spectra

Mass spectra were obtained from an AEI MS-902 high
resolution spectrometer. LExact masses were determined by
peak matching with standards. Elemental analyses were

performed by the Spang Microanalytical Laboratory.
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Preparations

As a general precaution agalnst moisture, a nitrogen
atmosphere was maintalned insofar as possible throughout the

followlng preparations.

Triethyloxonium tetrafluoroborate

This compound was prepared by the literature procedure

of Meerwein.88

Trimethyloxonium tetrafluoroborate

This compound was prepared by the procedure of

89

Meerwein.

Triphenylmethyl (trityl) tetrafluoroborate

0
This compound was prepared by the literature method9
trom triphenyliecarbonol and fiuoroboric acid in acetic

v -

anhydrlde.

18-Crown-6 ether

The procedure of Gokel and Cram”~ was found preferable

that paration of this material since

PN
vV

the product was more easlily purified.

Tetraethylammonlum bromopentacarbonyltungstate

The breomo tungsten carbonyl species, [(OC)SWBr]', was
prepared by refluxing the hexacarbonyl, 88 g (0.25 moles)
with tetraethylammonium bromide, 42 g (0.20 moles) in 300 ml

of diglyme.93
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Acetonitrilopentacarbonyltungsten

The acetonitrile complex of tungsten hexacarbonyl was
prepared from the bromide complex above and acetonitrile in

the presence of a Lewis acid.gu

1-Phospha-5-aza-2,8,9-trioxabicyclo[2.2.2]undecane (213)

The compound was prepared by the reaction of dilute
solutions of triethanol amine and TDP in a three-neck
round-bottom flask fltted with two needle-valve pressure
equalizing addition funnels and a reflux condenser and
flushed continuously with a stream of nitrogen. A solution
of 7.5 g (50 mmoles) of N(CH20H20H)3 in 30 ml chloroform
diluted to 200 ml with dry toluene and a solution of 9.0 g
(55 mmoles) of P(N(CH3)2)3 in 200 ml of dry toluene, were
simultaneously added dropwise over a two hour period to
250 ﬁl of refluxing toluene in the flask. The presence of
dimethyl amine in the exit stream of nitrogen indicated that
reaction was taking place. The mixture was refluxed for two
hours after the additions were complete. It was found that
......... g the reaction to continue for a longer time made
product separation more difficult and did not significantly
increase the yield.

Isolation of the product (213) has not been successful
using a variety of techniques including chromatography
(column, thin layer and high pressure liquid), sublimation,

distillation and crystallization. Each method resulted in
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decomposition and/or no substantlal increase in purilty.
However, the derivatives described below have been made and

characterized.

1-Thio-l-phospha-5-aza-2,8,9-trioxabicyclol3.3.3]undecane
(214)

The reaction mixture of 213 was cooled to about 50-60°
and sublimed sulfur (1.8 g, 56 mmoles) was added. The mixture
was then slowly heated (one-half hour) to reflux and allowed
to cool to room temperature. The mixture was flltered to
remove any precipitated material (polymer as judged by its
~general insolubllity 1n a variety of organic solvents). The
flltrate was then evaporated to dryness on the vacuum line,
(Use of a water aspirator for a vacuum source was found to be
unsatisfactory.) After taking up the sticky solid in a
minimum of methylene chloride, dropwlse addltion of Skelly B
resulted in the precipitation of a white solld which upon
settling appeared to have a rubbery, polymer-like texture.
The mixture was filtered through a layer of Cellte on a
norous glass frit. This precipitation-filtration process was
repeated with the filtrate untll the precipltate formed
remained as a finely divided solid. After several such
cycles the flltrate became too dilute for efficient eliml-
nation of polymeric impurities and it was evaporated to dry-
ness under vacuum and redissolved 1n a2 minimum of methylene

chloride before the next additlon of Skelly B.
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The resulting white solid could be crystallized from a
methylene chloride-hexane,! acetonitrile-ethyl ether! or
toluene solutlon ccoled to -78° or sublimed at 120-130° at
0.1 mm. Mp. 218-20° decomp., m/e 209.0276£0.0011 (calcd.

1

209.0276 for C6H1°NO3PS), ir vP=S, 881 and 612 em ~ (CHC1.)

1g7e
The yleld of the reaction calculated on the basls of
starting materials was 6% for product which 1s >95% pure as
Judged from nmr spectra. Higher purity materlal has been
obtalned after several recrystallizations reducing the yleld

to less than 1%.

1-0xo0-1l-phospha-5-aza-2,8,9-trioxabicyclol3.3.3]Jundecane
(215)

The reaction mixture of 213 was cooled to 45-50° and a

four-fold molar excess of finely ground potasslium superoxilde,
K02, 14.2 g (200 mmoles), and a catalytic amount of 18-
Crown-6, 0.2 g (0.75 mmoles), was added and the mixture was
heated carefully to 90-100°C. As the reactlon proceeds, gas

1s evolved. If heated too rapldly, a foam forms which will

after the gas evolution stops.

'Recrystallization was carried out using a concentrated
solution of the compound in the first solvent and adding the
second solvent dropwise with stirring to the cloud point.
The mixture was then cooled to -78° until” crystallization
took place.
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The mixture was then allowed to cool, filtered and the
filtrate evaporated to dryness on the vacuum line. Purifi-
cation was accomplished by the same procedure described for
214, The white powder which results from this tedious
procedure was recrystallizable from methylene chloride-
hexane (see footnote on preceding page) or chloroform solu-
tion cooled to -78° and sublimable at 120°, 0.1 mm., (A
significant amount of material decomposes during
sublimation). Mp. 208-12° decomp., m/e 193.0504£0.001
(caled. 193.0489 for C6H12NOMP), ir vP=C 1276 cm-1 (CHCl3).
The overall yield for this product was 3% and is substantially

reduced to 0.5% when higher purity material is desired.

1-Seleno-l~-phospha-5-aza-2,8,9-trioxabicyclo[3.3.3]Jundecane
(216)

Red selenium,95 7.9 g (100 mmoles), was added to a
cooled reaction mixture of 213 and the mixture heated to
75-80° for two hours. The temperature of the mixture should
not rise above 80° since the more reactive red selenium

reve

erts to the
The isolation procedure was that described for the

other chalconide derivatives, 214 and 215. Again, the white
solid produced was recrystallizable from methylene chloride-~

hexane (see footnote on preceding page) solution cooled to

-78°. Mp. 208-10° decomp., m/e 256.9648:0.001 (calcd.
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256.9720 for C6H12NO3PSe), ir vP-Se 580 cm—1 (CHC1,). The

3
overall yield again is low (4%).

1-H-1-phospha-5-aza-2,8,9-trioxatricyclof[3.3.3.0]undecane

fluoroborate (217)

This derivative was the product of the reaction of
triethyloxonium or trimethyloxonium fluoroborate (60 mmoles)
with the reaction mixture of 213. The Meerwein reagent was
added dropwise in acetonitrile solution (100 ml) at room
temperature. The majority of the white so0lid which formed
was precipitated polymer along with the reaction product.
The solid was filtered and extracted with two 25 ml portions
of hot acetonitrile. The solvent was removed in vacuo and

the residue extracted with 25-30 ml of acetone. The nmr of

the remaining solid showed it

ot
O

he abm
De ane

ut 80%

reduct,
Further purification was accomplished by the
precipitation~filtration procedure already noted for 214
utilizing a concentrated acetonitrile solution and dropwise
addition of ethyl ether to remove polymeric impurities.
Eventually the product precipitated and was collected as a
white powder which could be recrystallized in 8% overall

yield from hot acetonitrile solution. Mp. 210-212°, m/e

177.0553+0.0009 (calcd. 177.0555 for C6H P). Calcd.

1293
¢, 27.31; H, 4.86; N, 5.29; and F, 28.80. Found: C, 27.70;

H, 4.95; N, 5.29; and ¥, 28.68, ir vP-H 2240, 2286 cm™ '

(KBr), conductivity 1:1 electrolyte in DMSO.
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1-Triphenylmethyl-1-phospha-5-aza=-2,8,9-trloxatricyclo~
[3.3.3.0]jundecane fluoroborate (218)

An acetonitrile solution (100 ml) of triphsnylmethyl
(trityl) fluoroborate, 16 g (50 mmoles), was added dropwise
to a reaction mixture of 213 at room temperature. After
stirring for two hours the solvents were removed in vacuo.
When the residue was extracted wlth 100 ml of chloroform
a finely divided solid product remained. This solid was
collected by filtration through Celite and extracted into
acetonitrile solution.

The crude product in acetonitrile solutlon was purified
by the procedure described for 217. It was necessary to
repeat this process several times. Mp. 204-6° with decompo-
sition, conductivity 1:1 electrolyte in acetonitrile. The

overall vield was

1-Borano-l-phospha-5-aza-2,8,9~trioxatricyclof3.3.3.0]~

undecane (219)

Two equivalents (100 ml 1M THF solution) of the borane
adduct of tetrahydrofuran (HSB'THF) was added dropwise to
the reaction mixture of 213 at room temperature. After one
hour of stirring the mlxture was evaporated to dryness under
vacuum and the residue was extracted with dry ethyl ether
in a Soxhlet extractor for elght hours. Stripping off the
ether and sublimation of the residue at 80-100°, ylelded

crude 219. Further purlfication was accomplished by repeated
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sublimation. Due to substantial losses of product by
repeated sublimation, recrystallization would probably be a
better method of purification. Unfortunately, the compound
is only soluble in DMSO and cannot be satisfactorily recrys-
tallized from that medium. Mp. 175-8°, m/e 189.0847+0.001
(caled. 189.0841 for C6H1MBNO3PO, ir vBH 2395, 2351 cm_l

(KBr)). VYields for this preparation are about 4%.

1-Pentacarbonyltungsten-l-phospha-5-aza-2,8,9-trioxabicyclo-

[3.3.3]undecane (220)

A toluene solution of the acetonitrile complex of
tungsten carbonyl, (OC)5WNCCH3, 19 g (52 mmoles), was added
at room temperature to a reaction mixture of 213 which was
then heated to 90° and held there for two hours. The yellow
solution gradually precipitated a yellow solid and became
dark brown in color. The mixture was filtered and the
filtrate evaporated to a dark brown tar. The tar was
dissolved in 50 ml of chloroform and absorbed on 50 g of

silica gel by evaporating the mixture to dryness. After

3 3 ~ man 2 eem AT
inding owder it was added

D

. .
o3 A Fan T~
the residuc to free-flowing

0]

~
(e

¢

TS

to the top of a silica gel column prepared with 350 g of

silica gel and a 5:1 ratio of Skelly B/ethyl acetate in a
3 x 120 cm column. The column was eluted with 1 & of 5:1
Skelly B/ethyl acetate, 2 % of 3:1 Skelly B/ ethyl acetate
and finally 500 ml of ethyl acetate. The middle fractions

(3:1 Skelly B/ethyl acetate) contained 220. Solvents were
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stripped from these fractlons and the pale yellow resildue
was recrystallized from ethylacetate-hexane (see footnote
on page 46) solution cooled to -78°. Mp. 139-40, m/e
498.9683+0.001 (calcd. 498.9783 for CllHl2NO8Pw)’ ir vCO
2078, 1956, 1948 (cyclohexane). Yields of 13% for this

species are the best achleved for any derivative of 213.

1-Pentacarbonylmolybdenum-l-phospha-l-aza-2,8,9-trioxa-

bleyelo[3.3.3Jundecane (221)

Molybdenum hexacarbonyl, 13.2 g (50 mmoles), was added
to a reaction mixture of 213 and heated until carbon monoxide
evolution had ceased (about two hours). After cooling, the
mixture was filtered and evaporated to dryness under vacuum.

As with 220, the product was isolated by column
chromatography on sllica gel except that the elutlons were
carried out with 1 2 5:1 Skelly B/ethyl acetate, 2.5 £ 3:1
Skelly B/ethyl acetate and 500 ml ethyl acetate. The
product fractions (3:1 Skelly B/ethyl acetate) were
evaporated and the combined residues were recrystalllzed
from ethyl acetate-hexane (see footnote on page 46) (1:15)
cooled to -78°. Mp. 122-4° with decomposition, m/e
408.9284+0.001 (calcd. 408.9363 for CllH12
2078, 1956 (cyclohexane). The yield of this product was 9%.

NO8PM0), ir vCO
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1-Pentacarbonyltungsten-l-phospa-5-aza-5-methyl-2,8,9-

trioxabicyeclo[3.3.3]undecane fluoroborate (222)

Trimethyloxonium fluoroborate, 0.290 g (2 mmoles), and
0.761 g (1.5 mmoles) of 220, were placed in a 50 ml round
bottom flask and dissolved in 25 ml of dry acetonitrile.
The mixture was stirred at room temperature for four hours
before anhydrous ether was added to the cloud point. The
flask was then cooled (-78°) whereupon the product
crystallized. It was collected and dried under vacuum.

Mp. 255-8° decomp., yield 92%, ir vCO 2079, 1959 cm"1 (KBr) .

1-Pentacarbonylmolybdenum-1l-phospha-5-aza-5-methyl-2,8,9-

trioxabicyclo[3.3.3Jundecane fluoroborate (223)

This compcund was prepared from 0.19 g (1.3 mmoles) of
trimethyloxonium fluoroborate and 0.426 g (1 mmole) of 221
by the procedure described for 222. The molybdenum speciles
appeared to oxidize slightly during the reaction, turning a
pale green celor. It was necessary to recrystallize the
product twice to eliminate the green coloration. Mp. 165-8°

decomp., yleld 83%, ir vCO 2080, 1959 em™t (KBr).

1-0xo0-1-phospha-5-aza-5-methyl-2,8,9-trioxabicyclo[3.3.3]-

undecane iodlde (224)

The nitrogen atom of 215 was quaternlzed by reaction
with methyl iodide in acetonitrile solution. Methyl lodide
(0.24 g, 1.6 mmoles) was added to 0.076 g (0.4 mmoles) of

215 in a U4 ml of acetonitrile. The mixture was heated to 40Q°
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for 10 hours, by which time a solld had formed in the flask.
This white solld was collected by flltration and dried under
vacuum. Mp. 201-2° decomp. The yleld was virtually

quantltative.

1-Thio~1-phospha-5-aza-5-methyl-2,8,9-trioxabicyclo[3.3.3]-

undecane iodide (225)

This compound was prepared by the procedure described
for 224, Mp. 178-80° decomp. The yield was virtually

quantitative.

1-Seleno-1-phospha-5-aza~5-methyl-2,8,9-trioxabicyclo~-

[3.3.3]Jundecane 1odide (226)

This compound was prepared by the procedure described

for 224. Mp. 180-2° decomp. The yield was virtually

nantitative.
antlrtative.

X-Ray Crystal Structure Determinations

These experiments were carried out in collaboration with

Dr., J. C. Clardy and Dr. J. P. Springer.

1-H-1-phospha-5-aza-2,8,9~trioxabicyclo[3.3.3]Jundecane

fluoroborate (217)

Crystals of 217 were grown from an acetonltrile solutilon
cooled to -10° for five days. A single crystal, 0.35 x 0.18

x 0.42 mm, was selected for study and mounted in a Lindeman

capillary to protect it from atmospheric moilsture.
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Preliminary examinatlion of 217 showed that the crystals
belonged to the orthorhombic crystal class with a = 12.784(6),
b = 9.320(4) and ¢ = 8,988(3) } and four molecular units of
[HP(OCH20H2)3N]BFM per unit cell. Unfortunately, the assign-
ment of a space group was not unambiguous since the systematic
extinctions (Ok& absent if k+& = 2n+l, kOR absent if k =

2n+l) were consistent with both Pna2, and Pnam. The latter

1
space group requires there to be a molecular mirror plane in
the absence of disorder.

A total of 873 unique reflections using a varlable w-
scan technique (minimum 1°/min) were measured (20<114°) with
a Syntex P2l computer-controlled four-circle diffractometer
and Cu K  radiation (1.5418 ﬁ). During data collection
three standard reflections, (312), (223) and (014), were
monitored. The intensities of
to remain the same throughout the data collectlion, making
any correction for decomposition unnecessary. After
correctlon for Lorentz, polarization and background effects,
615 reflections were judged to be observed (F0130(FO)).
Intensity statistics did not prove to be helpful in deter-
mining which space group was correct since they were Iinter-
mediate between centrosymmetric (Pnam) and noncentrosymmetric

(Pna21), in value. The presence of a heavy atom could easily

have been responsible for this result.
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Solution of the crystal structure was begun by routine
application of direct methods vlia a multiple solution

welghted tangent formula scheme96

in the noncentrosymmetric
space group Pna2l. The positions of the fluoroborate anion
and phosphorus were located in the resulting electron density
calculation. After three cycles of least squares refilne-

97

ment of those positlons, the conventional agreement factors

R and wR were 0.452 and 0.507, respectively. The phased

electron density synthesis97

revealed the positions of the
rest of the nonhydrogen atoms which refined to R = 0.219
and wR = 0.223. Variation of isotropic temperature factors,
followed by the anisotropic factors in succeeding refine-

ments resulted in agreement factors of 0.095 and 0.087 for

R and wR, respectively. All hydrogen atoms were located in

o
-3
}

B R T ocvmthaone” and matrix Jieast sguares

-+

ul

[~

refinement for the 615 observed reflections and 183 variables
produced final crystallographic residuals of 0.062 and 0.062.
The geometry of thils model was very poorly behaved with
chemically identical bonds differing by five standard
deviations.

Refinement was then attempted in the alternate space
group Pnam (an alternate setting of the standard Prnma).
After the first cycles of isotropic refinement it was
apparent that a model in which the molecule resided on a
mirror plane would not refine and models in which the carbon

atoms bonded to nitrogen, C(3) and C(4), were disordered
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were tried. These refined satisfactorlly to isotroplc values
of R = 0.186 and wR = 0.199 and anisotropic residuals of

R = 0.085 and wR = 0.088. 1Inclusion of the hydrogen atoms
resulted in final R and wR of 0.065 and 0.067, respectively,
for the 135 variables used in the refinement. The molecular
geometry was much better behaved for this model. The atomic
scattering factors used in these refinements were those of

98 99

Corrections, real or imaginary, for

Hanson et al.
anomalous dispersion of phosphorus were also used in the
calculations.

100 of these models showed them to

Statistical comparison
be of the same level of significance. Despite the better R
value (6.2%) for the Pna2; refinement of 183 variables, the

Pnam R value (6.5%) was accomplished with 135 variables.

b

Since the second treatment of the data is chemically more
acceptable, those values of the positional and thermal
parameters and the observed and calculated structure factors

are listed in Tables 4, 5 and 6.

1-Thio~1l-phospha-5-aza-2,8,9-trioxabicyclo[3,3,3]undecane

(214)

Crystals of 214 were grown by slow evaporation of a

methylene chloride solution or vapor diffuslion of hexane
into a methylene chloride solution in a closed container.

A crystal fragment 0.34 x 0.22 x 0.40 mm was selected and
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Table 4. Fractional coordinates of the unique atoms of
[HP(OCH2CH2)3NJBP4
Atom X/a y/b z/c
P 0.2386(1) 0.1965(2) 0.2500
0(1) 0.3454(4) 0.1110(5) 0.2500
0(2) 0.1894(3) 0.2489(4) 0.4014(h)
N 0.3236(4) 0.3748(6) 0.2500
c(1) 0.4447(6) 0.1804(10) 0.2500
c(2) 0.2198(6) 0.3834(7) 0.4694(8)
c(3)*® 0.4275(9) 0.3338(13) 0.1858(2)
c(4) 0.3290(14) 0.4218(16) 0.4055(15)
C(4)¥P 0.2630(15) 0.4757(15) 0.3494(17)
B 0.0258(7) 0.7334(10) 0.2500
F(1) 0.0790(6) 0.7615(11) 0.2500
F(2) 0.0782(10) 0.8560(10) 0.2500
F(3) 0.0443(5) 0.6510(6) 0.3732(5)
H(1)® 0.484(6) 0.151(8) 0.340(8)
H(24) 0.248(6) 0.363(8) 0.557(12)
H(2B) 0.158(7) 0.443(9) 0.490(10)
H(34)% 0.422(10) 0.342(10) 0.072(20)
H(3B)*¥* 0.482(8) 0.393(11) 0.217(13)
H(44)# 0.353(10) 0.540(12) 0.405(12)
H(4B)* 0.379(12) 0.370(16) 0.456(16)
H(L%p)® 0.312(17) 0.517(18) 0.110(17)
H(4*B)* 0.206(9) 0.515(12) 0.212(14)
H(P)* 0.188(6) 0.071(9) 0.267(15)

aAtom is dilsordered and was
factor of 0.50.

b

refined with an occupancy

refined with an occupancy factor of 0.50.

An asterisk (¥*) denotes a disordered atom which was

CHydrogen atoms are labelled with the number of the

carbon atom to which they are bonded.

Where more than one

hydrogen 1is bonded to a carbon atom, the hydrogens are
labelled with a number and letter.



Table 5. Thermal parame‘cersa for [HmP(OCHchZ)BNJBFu

b

c

Atom By Boo B33 B1o 813 Basg

P 4.9(14) 5.98(21) ©.71(27) 0.54(13) 0.0 0.0

0(1) 5.75(35) 6.15(57) 20.62(94) 0.74(34) 0.0 0.0

0(2) 7.79(28) 11.36(45) 11.46(51) -1.73(28) 2.86(30) -0.60(42)
N 4.86(40) 6.95(63) &.76(80) -0.50(41) 0.0 0.0

c(1) 5.35(59) 10.8(12) 23..2(17) 0.60(66) 0.0 0.0

c(2) 9.40(53) 12.19(76) 1:..48(93) ~0.19(54) 2.16(60) ~3.60(72)
c(h) 8.3(12) 7.6(13) 15.8(22) -0.3(14) -1.0(15) 5.2(17)
Cc(5) 7.9(11) 9.7(17) 12.6(19) -0.8(12) -0.3(13) -1.4(15)
c(6) 4.93(72) 11.7(17) 15.7(23) 0.16(85) 1.27(84) -0.0(12)
B 6.43(64) 9.1(12) 11.0(12) 1.79(65) 0.0 0.0
F(1) 11.71(59) 32.1(16) 33.1(18) 6.00(74) 0.0 0.0

F(2) 19.99(56) 21.29(79) 13.56(75) 4 .09(50) -2.62(50) 4.74(58)
F(3) 24.3(11) 21.2(13) b3,7(23) -12.1(10) 0.0 0.0
8 The anisotropic thermal ellipsoid 1s of the form exp[-(611h2 + 322k2 +
33322 + 28, hk + 28,08 + 28,,k2) ).

CAl11 B values are B x 103.

bNumbering of the atoms corresponds to that in Figure 5.

8¢
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Table 6. Observed and calculated structure factors for 1
H 0 1 4 13 15 7 s 11 11
K L FO FC 1 5 12 -12 7T 7 5 -6
0 & a1 45 1 7 10 10 8 0 14 14
0 6 62 -~67 1 8 5 -5 8 1 3 -2
0 8 39 40 2 0 26 28 8 2 18 -18
1 3 5 4 2 1 11 -12 8 3 6§ -5
1 5 54 -49 2 2 's8 60 8 & 9 9
1 7 20 19 2 3 43 -a7 8 5 & 5
1 9 6 -7 2 5 25 26 9 1 3 =2
2 2 65 69 2 6 14 14 10 0 8 7
2 4 20 -22 2 7 6 5
2 6 Q2 44 2 8 10 -9 H = 2
2 8 20 -19 3 0 25 27 K L FO FC
3 1 17 -13 3 1 43  a4a 0 o 57 -65
3 3 37 36 3 2 13 13 0 1 25 27
3 5 21 -21 3 3 36 -38 0 2 40 -38
3 7 11 -13 3 4 28 -29 0 3 60 -65
4 0 40 -a2 3 7 18 -17 0 5 22 20
4 2 9 9 3 8 9 8 0 6 32 28
4 4 26 -24 3 9 6 6 0 8 11 ~-11
4 6 11 -10 4 0 54 53 1 o0 41 36
5 1 7T -7 4 1 5 6 1 2 54 -S50
5 5 27 27 4 3 15 15 1 4 16 12
5 7 8 9 & & 13 13 1 5 35 39
6 2 22 -22 4 s 8 -7 i o 3 2
6 & 6 6 4 6 20 -21 1 7 36 -37
6 6 10 10 4 8 14 14 1 9 18 i7
7 1 7 =S 5 1 24 -24 2 0 21 -17
73 32 32 5 3 15 14 2 1 25 17
8 0 1&a 13 s 5 32 -32 2 2 13 12
8 2 1y 11 5 & s 6 2 3 41 A3
8 4 roo-7 5 7 13 13 2 & 9 5
& & 6 S 6 0 36 -35 2 s s -a
10 o 7 8 6 4 33 -33 2 8 6 6
6 5 () -8 3 C 74 ga
= 1 6 6 i6 i7 3 1 1 -15
K L FO FC 7 1+ 20 21 3 2 34 -38
1 o 10 -l& 7 2 8 -7 3 3 i6 10
1 1 16 15 7 3 16 -17 3 S 10 -12
i 2 ii -ii 7 & a1 s
1 3 53 52
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Table 6. .(Continued)

3 6 1 7 10 -9 8 0 8 -7
3 7 19 19 1 8 7 -6 8 2 IS a
3 8 8 8 2 0 23 =22 8 3 7 -6
a 0 32 -32 2 2 46 -46 8 s a4 3
a4 1 24 -18 2 3 19 =20 9 0 & 5
a 2 10 8 2 4 24 24 9 3 a -4
4 4 a3 4S5 2 s 7 9
4 5 12 -12 2 6 13 ~-13 H= &
a 7 13 14 2 7 6 -7 K L Fo =¢
S 0 60 -63 3 0 23 27 C 0 63 64
5 2 24 26 3 1 46 45 0 3 13 11
5 3 10 7 3 2 17 -16 0o & € 10
S 6 10 10 3 3 3 -3 0o 5 17 17
5 8 5 -4 3 5 7 6 0 6 9 -10
6 0 28 22 3 6 10 -9 o 7 5 7
6 1 3 -5 3 7 i3 13 6 8 15 i5
6 2 17 18 3 8 8 8 0 9 S -5
6 3 8 10 3 9 6 -7 1 0 88 100
6 4 22 -22 a 0 30 -31 1 1 25 -25
6 7 a4 1 4 1 2 -1 1 2 13 12
7 0 7 8 a 2 27 27 1 3 33 30
7 1 5 -4 4 3 20 20 1 & 30 -29
7 2 11 11 4 4 26 -25 1 5 29 =25
7 3 10 -10 4 s 9 -10 1 6 ¢ -9
T % i3 -1 4 & 1& 12 v 7 £ s
7 S a -4 4 8 6 -6 1 8 6 6
8 0 3 2 5 0 21 =20 1 9 9 -8
8 2 20 -20 s 1 35 3a 2 0 25 -24
8 3 15 =15 & 2 10 12 2 1 57 -54
8 4 10 10 5 3 21 =20 2 2 16 17
8 5 s 5 5 & 16 =16 2 3 9 -8
9 2 8 -8 S 5 27 28 2 &4 22 -26&
9 3 15 15 5 6 5 5 2 5 10 -10
s 3 T 7 5 7 12 -12 2 & 24  2a
10 0 17 -17 6 0 25 25 2 7 13 1a
& 1 e 10 2 8 11 -1t
H= 3 6 2 7 -7 2 9 3 3
K L FO FC 6 3 4 2 3 0 36 -3%
1 0 25 -27 6 4 19 19 3 1 37 3
11 3 -3 6 6 10 =10 3 2 8 8
1 2 8 7 7 o 4 2 3 3 25 -23
1 3 2 3 7 1 20 -20 3 4 11 11
1 4 23 26 7 3 22 21 3 5 15 1s&
1 5 6 -6 7 & 6 5 3 6 27 27
1 6 8 8 7 S 16 ~-ié 3 7 14 -ia
7 6 4 -3 3 8 8 -9
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Table 6. . (Continued)

5 9

4 0 2 0 26 -27 H= 6
4 1 58 57 2 1 23 -26 K L FO FC
4 2 28 -31 2 2 i8 19 o 0 19 =23
4 4 10 12 2 3 22 20 0 1 a1y ~37
4 S5 6 S 2' 4 7 7 0 2 32 33
4 6 12 =12 2 s 9 -7 0o 3 27 -24
4 7 22 =22 2 6 19 17 0 4 33 -30
4 8 3 2 2 7 19 18 0 S 15 -14
S 0 13 -15 2 8 14 =13 0 6 6 -7
5 1 i0 -5 3 o0 16 18 0O 7 12 11
S 2 10 10 3 1 18 16 1 0 16 -10
S 3 6 -8 3 2 11 10 1 1 11T -13
5 S 7 6 3 3 37 <36 1 2 16 -17
S 6 11 -13 S 7z ~-8 1 3 19 -~19
6 0 17 15 3 s 22 23 1 4 7 -8
6 2 13 -10 3 6 8 9 1 5 10 10
6 3 23 =24 3 7 11 -212 1 & 8 9
6 5 6 6 3 8 4 -4 2 0 28 29
6 6 5 -5 4 0 50 52 2 1 17 21
7 0 S 7 4 1 [+] 10 2 2 36 -37
7 1 26 =27 4 2 37 -38 2 3 17 15
7 2 22 =23 a 3 14 =14 2 4 34 33
7 3 21 22 4 & 22 22 2 S S 4
v 4 14 16 4 5 14 14 2 6 12 -12
7 9 8 -9 4 6 21 -20 2 7 14 -14
2 o 1T -1 & B io 1o 2 < 25 15
8 1 l1e -13 5 0 i0 i0 3 1 21 -19
8 2 22 21 s 22 -21 3 2 7 -5
8 4 1S =15 s 2 25 2 3 4 17 =16
8 S 6 -7 s s 22 =22 3 S 21 =20
9 0 6 S 5 7 i0 10 3 6 T -8
9 1 1S 14 & 0 31 =31 3 7 10 9
9 2 9 9 6 1 7 -6 A 0 7 -7
a 2 18 -—-1¢& 6 =z X 22 s 2 i 27
6 4 29 -30 4 3 3 3
H = ) 6 S 7 -7 4 & i -16
K L FO FC 6 6 15 16 4 S 7 -6
1 (o] S -8 7 0 10 -11 4 6 7 7
1 1 7 K4 7 1 15 15 4 7 1t 11
i 2 14 -14 8 0 7 7 S 0 18 -17
1 2 & -3 9 1 3 2 S 4 15 14
| B 16 -17 9 2 Py -4 S 6 & 5
1 6 6 -7
i 7 S 10
I 8 3 4



Table 6. (Continued)

6 0 36 =36 4 & 15 -i6 4 0 5 2
6 1 9 10 4 6 5 5 4 1 15 -15
6 2 15 15 5 0 14 -1a a 2 16 -17
6 S & 5 5 1 15 15 4 3 12 12
6 6 9 10 5 3 18 -18 & 4 11 11
7 0 10 i1 s 4 5 -5 4 5 12 =10
7 1 31 31 5 5 15 15 s 1 4 2
7 2 11 11 6 0 13 11 5 2 5 -3
7 3 15 =15 6 1 7 s 5 3 12 3
7 4 6 -7 6 2 S -4 5 & 4 1
7 5 11 11 6 4 5 6 5 6 3 -2
8 0 23 23 6 S 6 5 6 0 11 11
8 1 6 -5 6 6 3 -4 6 3 12 -12
8 2 21 -21 7 0 7 & 6 S 3 2
8 3 6 -6 T 1 8 -3 7 0 14 -13
8 4 11 12 7 3 S 6 7 1 12 =12
9 0 4 4 7 4 S 6 7 2 3 1
9 1 14 -15 r 6 -6 T a 3 -3
8 0 ? -~10 8 o0 14 -14
H= 7 8 3 6 6 8 1 6 -4
K L Fo el 8 2. 9 9
) 16 -10 H= 8
1 1 14 15 K L FO FC H= 9
1 2 24 23 o 0 32 -31 K L FO FC
1 a [y -4 0o 1 18 18 1 1 9 -10
1 5 8 7 0o 2 3 -3 1 2 11 -0
I 5 5 S 3 i3 =-i5 i3 = i0
1 7 11 -10 0 & 20 20 1 s 10 -10
2 o 3 -3 0 S5 26 27 2 0 32 -29¢
2 1 15 13 0 6 4 3 2 i 6 -6
2 2 13 13 0o 7 3 -5 2 2 21 21
2 3 10 -10 1 o 47 49 2 3 17 17
2 & 15 15 1 2 21 =21 2 s 12 -12
2 S s -5 i 3 25 25 2 5 'Y -5
2 6 13«14 1 6 24 23 2 6 11 10
2 7 & -5 i 5 ) -6 z 7 S )
3 0 12 3 1 6 19 -18 3 0 e ~7
3 1 32 -33 2 0 i 15 3 i 19 20
3 2 23 -23 2 2 12 10 3 2 1 11
3 3 15 14 2 4 21 =21 3 3 16 -14
3 4 10 10 2 6 4 4 3 a 4 -3
3 S 11 -10 3 o0 4 4 3 s 9 10
3 6 8 -0 3 2 10 o 3 5 o S
3 7 14 13 3 3 20 -21 4 0 20 20
& O© 7 -5 3 & 7 -y & 1 1i 11
& 1 8 -7 3 s 10 11 & 2 15 -37
4 2 16 15 3 6 6 & & 3 8 -g
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mounted in the Lindeman caplllary as a precaution against
atmospheric moisture.

The crystals were found to belong to the orthorhombic
crystal class with a = 12.231(2), b = 6.590(1) and ¢ =
11.284(2) & and four molecular units of SP(OCH,CH,) ;N per
unit cell. Systematic extinctions (hOf absent if h = 2n+1,

Ok% absent if & = 2n+l) allowed assignment of the space group

of Pca2l.

A Syntex P21 computer-controlled four circle diffrac-
tometer was used to measure 755 unique reflection Intensities
inside a 26 sphere of 114° with Cu K radiation (1.5418 k).
During the data collection three reflections, (341), (142)
and (023), were observed. No significant change in them was
noted. Of the reflections measured 631 were judged observed

T ar Y
;Orreccuval

s

alter for Lorentz, polarization and backeround
effects (F0330(F0)).

Routine application of direct methods (MULTAN)S®
resulted in location of the positional parameters for sulfur,
phosphorus and the three oxygens Iin the first phased E
synthesis. These positional parameters were refined97 to
conventional agreement factor values of 0.302 and 0.321, R
and wR, respectively. The rest of the nonhydrogen atoms
were located in subsequent electron density calculation597
and reduced the R and wR to 0.139 and 0.178. Isotropic
(R = 0.108 and wR = 0.130) then anisotropic thermal

parameters (R = 0.068 and wR = 0.076) were included in the
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model., All of the hydrogen positions were found in
difference F syntheses.97 Final full matrlx least-squares
refinements led to crystallographic residuals, R and wR, of
0.057 and 0.063, respectively. Fractional coordinates,
thermal parameters and observed and calculated structure
factors for this model are listed in Tables 7, 8 and 9.

The atomic scattering factors used in the refinement were
those of Hanson et gl.gs Corrections,99 real and imaglnary,
for anomalous dispersion of phosphorus and sulfur were also

used in the calculations.
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Table 7. Fractional coordinates of S=P(OCH20H2)3N

Atom® x/ab y/b z/b
S 0.2623(2) 0.1344(3) 0.0565(3)
P 0.1828(1) -0.0621(2) 0.1478
0(1) 0.2604(5) -0.2284(10) 0.1953(7)
0(2) 0.0957(6) ~-0.1748(10) 0.0676(T7)
0(3) 0.1223(6) 0.0380(9) 0.2502(7)
N 0.0510(6) -0.3838(11) 0.2938(7)
c(1) 0.2517(8) -0.3189(13) 0.3111(9)
c(2) 0.1581(9) -0.4539(15) 0.3297(10)
c(3) 0.0655(8) -0.3823(15) 0.0759(8)
c(4) 0.0079(9) -0.4457(13) 0.1832(9)
c(5) 0.0187(9) -0.0120(14) 0.2948(11)
c(6) 0.0090(10) -0.2098(16) 0.3560(12)
H(1) 0.248(7) -0.148(11) 0.344(8)
H(1Aa) 0.333(7) ~-0.379(15) 0.331(9)
H(2) 0.166(8) -0.597(16) 0.255(10)
H{2A) 0.163(6) -0.528{12) 0.436{8)
H(3) 0.155(7) -0.470(15) 0.093(9)
H(34) 0.029(6) -0.405(12) 0.007(7)
H(Y) -0.006(6) -0.569(12 0.179(7)
H(4A) -0.070(8) -0.364(15) 0.159(11)
H(5) -0.032(6) -0.030(12) 0.199(7)
H(5A) -0.007(8) 0.085(15) 0.350(10)
H(6) 0.070(9) -0.215(20) 0.457(12)
0.381(7)

H(64A) -0.064(6) -0.209(13)

aNumbering of the atoms corresponds to that in Figure 7.

bStandard devliations are gilven 1n parentheses.



Table 8. Anisotropic thermal parametersa for S=P(OCH20H2)3N
AtomP g..° B B B B

11 22 33 1,2 13 2,3
S 7.9(2) 20.9(5) 7.2(2) -3.6(2) 0.5(2) 1.6(3)
P 5.2(1) 13.1(4h) 4.3 -0.6(2) 0.0 0.0
0o(1) 6.6(4) 28.6(16) 10.0(6) 0.3(7) -0.6(4) 4.2(9)
0(2) 11.7(6) 27.0(17) 6.4(5) -7.7(8) -1.5(5) 2.2(9)
0(3) 11.3(6) 17.7(14) 10.3(6) -0.1(8) 4.1(6) 1.2(8)
N 8.5(6) 19.9(17) 7.1(6) -0.3(9) 1.4(5) 3.0(10)
c(1) 8.4(6) 27.3(21) 5.2(6) 2.5(13) -0.7(6) 3.0(12)
c(2) 10.3(9) 26.6(27) 8.8(9) 0.0(12) -1.5(7) 6.6(13)
c(3) 9.6(7) 25.2(24) 5.4(8) -7.0(12) -1.6(6) -3.1(11)
C(H) 8.8(7) 19.3(22) 10.7(10) -4,.7(11) -2.0(7) 2.7(11)
Cc(5) 9.8(8) 17.6(19) 10.3(9) 3.6(11) 3.9(8) 1.3(13)
Cc(6) 13.2(10) 25.5(27) 12.1(11) 0.1(15) 8.5(10) 3.0(14)

4The anisotropic thermal ellipsoid 1s of the form exp[-(sllh2 + 822k2 +

92

B33

bNumbering of the atoms corresponds to that in Flgure 7.

A1l B values are B x 10°.

+ 2812hk + 2Bl3h2 + 28293k2)].

L9
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Table 9. Calculated and observed structure factors for
- S=P( OCH, CH2) 3N
H= 0 1-11 6 S s -6 13 12 2 -7 18 18
K L FO FC 1-10 9 10 5 -5 19 19 2 -6 10 10
0-12 25 27 1 -9 10 10 5 -4 18 17 2 -5 18 17
0-10 30 30 1 -8 4 3 5 -3 9 10 2 -4 27 28
0 -8 &7 a7 1 -7 11 12 5 -2 32 31 2 -3 23 23
0 -6 15 16 1 -6 27 33 5 -1 4 4 2 -2 30 31
0 ~¢ 76 83 1 -5 16 16 5 0 34 33 2 -1 52 5t
1-12 18 18 1 -4 25 30 6 -6 5 5 2 0 25 23
1-10 35 33 1 -3 3¢ 40 6 -5 8 8 3-10 s 4
1 -8 30 29 1 -2 S1 5a& 6 -4 8 8 3 -9 8 8
1 -6 13 13 1 -1 58 59 6 -3 7 7 3-8 15 16
1 -4 2 4 1 0 S4 51 6 -2 26 26 3-7 11 12
1 -2 62 53 2-11 a 7 6 =i 4 s 3 -6 23 22
1 0 69 89 2-i 3 & &€ o0 23 23 3 -4 33 34
2-10 14 13 2 -9 10 10 7 -2 5 6 3 -3 19 18
2 -8 29 28 2 -8 28 26 7T 0 7 7 3 -2 14 16
2 -6 36 37 2 -6 29 30 3«1 18 15
2 -4 16 12 2 -5 9 9 H= 2 3 0 26 23
2 -2 48 46 2 -4 63 69 K L FO FC 4-10 13 11t
2 0 40 39 2 -3 27 28 0-12 18 19 4 -9 4 S
3-10 11 11 2 -2 29 29 o-11 18 17 4 -8 9 8
3-8 21 23 2-~-1 20 18 0-10 28 26 4 -6 12 12
3 -7 3 0 2 0 40 37 0 -9 184 13 4 -5 3 3
3 -6 44 46 3-11 3 2 0 -8 19 21 4 -4 20 21
3 -4 17 17 3-10 9 8 0 -7 12 13 4 -3 4 S
3 =2 8& &g 3 -a 7 8 0 -6 S 18 4 -2 16 18
3 0 i1 11 3-8 21 19 0 -5 28 32 & -i -3 4
4-10 10 10 3 -7 15 14 0 -4 3 8 4 0 15 14
4 -8 13 15 3 -5 39 490 0 -3 13 11 5 -8 9 10
4 -6 18 19 3-~-5 13 13 0 -2 57 67 5 -7 7 8
4 -4 36 37 3 -4 35 38 ¢ ¢ 322 35 5 -6 3 4
4 -2 &40 42 3-3 12 13 1-12 11 10 5 -5 13 14
4 0 15 16 3 -2 11 9 i-1i 1i 11 5 -4 12 19
5 -8 8 9 3 -1 29 32 1-10 21 19 5 -3 11 11
5 -6 8 9 3 0 4 4 i-9 22 22 5 =2 2 1
5 -4 7 8 4-i10 11 i1 1 -8 21 2i 5 -1 ) E
5 -2 17 17 &4 -9 L4 5 1 =7 21 21 S 0 34 32
s 0 11 11 4 -8 16 18 1 -6 10 11 6 -6 7 8
6 -6 13 1a 4 -7 1S 16 1 ~5 11 10 6 -5 9 10
6 -4 21 22 ¢ -6 24 2a& 1 -4 13 15 6 =& 10 10
6 -2 i& i3 4 -5 1t 1t 1 -3 42 42 6 ~3 8 8
& 0 S 4 4 -4 24 24 1 -2 78 85 6 -2 8 8
7T -2 11 10 4 -3 14 15 i -1 32 34 6 =1 5 5
7 O 2 3 6 -2 23 21 1 0 63 63 6 0 s 4
4 -1 15 14 2-11 8 8 7 -1 $ 10
H= i 4 o 1 13 2-10 19 17
K L f£g FcC S -8 12 12 2 ~9 11 11
1~12 4 3 5 -7 9 10 2 -8 21 20
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Table 9. (Continued)

H= 3 S -7 14 13 2 -5 18 19 1 -4 13
K L FO FC 5 -6 13 13 2 -4 2 0 1 -3 2
1-11 11 11 S -6 21 21 2 -3 22 25 i -2 42
1-10 17 17 S -4 11 12 2 -2 23 23 1 -1 12
1 -9 9 8 5 -3 1S 1i5 2 -1 25 29 1 0 13
1 -8 17 15 S -2 24 24 2 0 34 33 2-10 9
1 -7 S 6 S -1 11 190 3-10 15 13 2 -9 15
1 -6 34 37 S 0 36 35 3 -9 11 11 2 -8 24
1 -5 4 ¢ 6 -6 9 9 3 -8 4 1 2 -7 10
1 -4 53 59 6 -5 14 13 3 -6 23 25 2 -6 S
1 -3 25 25 6 -4 2 3 3 -5 7 7 2 -5 9
1 -2 66 73 6 -3 21 21 3 -4 8 8 2 -4 231
1 -1 28 29 6 -2 14 13 3 -3 25 25 2 -3 10
1 0 27 29 6 ~i 7 ] 3 =2 2 22 2 -2 30
2-11 10 9 6 0 15 15 3 -1 20 21 2 -1 25
2-10 10 9 3 0 21 19 2 0 50
2 -9 14 13 H= 4 4 -9 7 7 3-10 11
2 -8 21 21 K L FO FC ¢ -8 8 7 3 -9 i3
2 -7 17 17 0~-11 16 14 & -7 S S 3 -8 7
2 -6 27 28 0-10 5 6 4 -6 14 14 3 -7 18
2-5 11 10 0-9 31 29 4 -5 16 16 3 -6 18
2 -4 33 35 0 -8 31 31 4 -4 22 22 3 -5 8
2 -3 25 28 0 -7 34 35 4 =3 17 1S 3 -4 17
2 -2 50 S0 0 -6 28 31 4 -2 18 19 3 -3 23
2 ~1 46 &5 0 -5 50 §7 4 -1 14 14 3 -2 19
g ¢ 12 & o -4 i6 15 4 0 16 15 3 -1 32
3-10 6 ] 0 -3 &1 4as S -7 o 7 3 0 &
3 -9 17 17 0 -2 12 11 5 -6 7 7 4 -9 13
3 -8 21 2i 0 -1 i1 1 5 =S g e & -8 13
3 -7 12 12 0 0 73 76 5 -4 10 10 4 -7 ii
3 -6 15 15 1-1i 9 7 5 -3 5 3 $ - a2
3 -5 30 32 1-10 4 4 $ -2 13 14 ¢ -5 7
3 -4 21 21 1 -¢ 17 16 5~-1 14 i3 4 -§4 22
3 -3 27 28 i -8 13 13 6 -5 9 9 4 -3 18
3 -2 10 10 { -7 30 29 6 -4 9 9 4 -2 18
3 -1 19 18 1 -6 11 12 6 -3 10 10 & =1 29
3 0 30 29 1 -5 28 3¢ 6 -1 12 12 4 0 3
4 -9 1i& 14 i -% 32 33 & o0 & 4 5 -7 10
4 -8 S 6 1t -2 30 3¢ S5 -6 19
4 -7 16 17 1 -2 3¢ 33 H = 5 5 -5 12
4 =& S ) i -1 28 32 K L FO FC S -4 12
4 -5 27 28 1 0 10 7 1-11 5 5 5 -3 13
4 -4 15 17 2-11 11 190 i-i9 118 17 S -2 <
4 -3 31 31 2~10 6 6 1 -9 13 11 5 -1 22
4 -2 13 12 2 -9 13 11 1 -8 8 7 6 ~4 17
4 -1 26 23 2 -8 7 7 1 -7 8 8 6 -3 8
4 & 35 35 2 -7 1 11 1 -6 11 1i 6 -2 S
5 -8 11 10 2 -6 7 6 1 -5 13 14 6 -1 8
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Table 9. (Continued)

{
L L A L

[ T S T T N I N |

W W WWW WU DN N NN = e
DO =N WPOOROANDDOVDOwNWDIPORANDOOO~IN

13 12 4 =7 6 5 3 0 456 48 3 -8 7 7
4 -6 8 7 4 -7 3 3 3 -7 6 7
6 4 -4 27 27 4 -6 9 9 3 -6 10 10
FO FC 4 -3 10 9 4 -5 8 8 3 -5 6 7
i1 10 4 -2 13 14 4 -4 16 17 3 -4 9 9
4 3 4 -1 8 8 4 -3 4 3 3 -3 2 1
31 32 4 0 27 25 4 -2 23 23 3 -2 22 22
27 26 S -6 3 3 4 -1 9 9 3 0 21 20
48 49 S -5 8 7 4 0 17 17 4 -7 2 3
34 33 S -4 8 8 S -5 3 3 4 -6 7 o
44 A8 S -3 11 12 5 -4 15 17 4 -5 7 8
12 10 $§-2 10 10 S -3 6 7 4 -4 3 4
32 38 S 0 2 1 S -2 14 14 4 -3 S 6
10 9 6 -3 ] 6 S -1 10 8 4 -2 14 14
14 14 6 -2 11 10 S O 8 7 4 -1 6 7
4 2 6 -1 4 S 6 -1 3 4 4 0 3 4
8 8 6 0 14 13 6 0 3 3 5 -4 9 9
21 21 5 -3 8 7
15 15 H= 7 H= 8 5 -2 6 7
35 35 K L FO FcC K L FO FC 5 -1 9 9
32 32 0o -3 i 0 0 -9 ) 7 S 0 3 3
20 21 i=1¢ 13 12 0 -8 17 19
18 18 1 -9 7 8 o -7 11 10 H= 9
17 19 1 -8 12 12 0 -6 33 32 K L FO FC
9 10 1 -5 18 18 0 -5 S S 1 -8 6 6
3 2 1 -4 11 11 Q0 -4 34 32 1 -7 10 9
3 2 . -2 g g ¢ -2 < e 1 - £ £
S 4 1 -1 13 15 0 -2 12 12 1 -5 8 8
14 18§ T 0 13 13 0 -1 23 2a 1 -4 10 10
13 13 2 -9 4 6 e ¢ 118 1s Tt -3 12 13
15 18 2 -8 1% 14 i -9 7 7 1 -2 22 23
13 14 2 -7 6 S 1 -8 11 12 1 -1 7 8
&8 10 2 =% 6 & i -6 26 27 i 0 & 7
14 13 2 -5 7 6 1 -8 2 2 2 -8 12 11
28 29 2 -4 9 8 1 -4 38 38 2 -7 13 12
is iS5 € -3 3% 19O 2 =3 S 7 2 =6 2 3
50 5S4 2 -2 22 23 1 -2 18 19 2 -5 i8 18
7 7 2 -1 1% 15 1 -1 8 S 2-4 11 11
10 10 2 0 24 26 1 0 2 3 2 -3 21 22
1c 9 3 -9 6 6 2 -8 & S 2-2 17 17
14 13 3-8 14 13 2 -7 8 8 2 -1 6 6
10 11 3 -7 3 3 2 -6 14 13 2 0 30 29
9 Q9 3 -6 13 12 2 -85 8 9 3 -7 11 Q9
14 1§ 3 -5 9 9 2 -4 17 17 3 -6 & 3
32 32 3 -4 S 8 2 =3 3 2] 3 =5 13 13
17 158 3 -3 9 Q9 2 -2 15 16 3 -4 8 8
23 22 3 -2 26 28 2 -1 4 ) 3 -3 3 3
12 12 3 -1 18 18 2 0 22 21 3 -2 17 17
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(Continued).

Table 9.

H =13
K L FO FC

8
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3 0 23 23
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RESULTS AND DISCUSSION
Synthesls and Reactions of Phosphatrane

The goals of this study, namely, the synthesis of
phosphatrane, 213, and the determination of its structure,
have been reached by a somewhat indirect route. Phosphatrane
213 was prepared by Reaction 1, but the major product is a

C /H_CH
6 2
P + N(CH,CH.OH), —22 3
(N(CH,),) 5 + N(CH,CH,0H) -
(1)
" 1
P(OCH2CH2)3N + HN(CH3)2 + "polymer

a polymer of unknown structure. The yleld was increased by

high dilution conditions to a maximum of 15% (estimated).

1

This was achieved with the procedure descrihed in the

Experimental section. Longer reaction times, slower
additions or higher dilutions did not increase yilelds beyond
this level.

The small amount cf 213 present 1n the reactlon mixture
relative to the large quantity of polymer would not have
constituted an insurmountable separation problem were it
not for the observatlon that concentration of the dilute
reaction mixture or allowing the mixture to stand for a day
cr more resulted in further polymerization. Problems caused

by the polymerization and the apparent facile hydrolysis of
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213 during elution prevented isolation by chromatography.
Residues from the evaporation of toluene from the reaction
mixture could not be successfully recrystallized and were
explosively pyrolyzed before the product sublimed or
distilled.

While the reactivity of 213 seriously hampered puri-
fication attempts, 1t facilitated the formation of
derivatlives. The reactions shown in Figure 1 produced the

stable compounds 214-226. It was hoped that the parent

compound could be regenerated from one or more of these
materials once they were purified. Failing this, it was
hoped that spectroscopic examlnation of these derivatives
might reveal important structural features of 213.
Isolation of 214-226 was a laborious procedure consisting
of repcated precipitation-filtration cycles to remove the
polymer until crystallization took place.

The product of Reaction 9 (Figure 1) was 217 rather
or C,H 101

3 275°
Although this reaction 1s not presently understood, the

than the expected [R-P(OCH20H2)3N]BF4, R = CH

source of the proton is thought to be elther the Meerwein
reagent or water in the reaction mlixture. Phosphatrane, 213,
may deprotonate an ethyl or methyl group of R3OBF4, R = C2H5
or CH3, releasing an olefin into the reaction mixtures.
Reaction 8 (Figure 1) takes place as expected since there 1is

no proton avallable for deprotonation in (C6H5)3CBFM, Water



Figure 1. The reactions which phosphatrane, 213,

was observed to undergo
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in the reaction mixture, despite precautions to exclude 1it,
produces fluoroboric acld, HBFu, by decomposition of the
Meerwein reagent, which could be deprotonated by 213.
Presumably, water contaminwtion also accounts for the

observation of [H—P(OCHZCH N]+ in the products of Nzou

2)3
oxidation of 213, since Ngou forms a mixture of nitrous and
nitric acids upon reaction with water.

A large number of reagents were employed to oxidize
213, but only potassium superoxide, K02, produced the
isolable product 215. Benzoyl peroxide, m-chloroperbenzoic
acid, trimethylamine oxide, potassium peroxydisulfate,
ozone, singlet oxygen (formed photolytically) and dinitrogen

tetroxide produced some reaction, but the product was not

successfully separated from the resulting mixture or it was

Yy

AeaanA +
ouiid nct tc ke the

a1

(o3
e
]

esired material. The other reactlons

in Figure 1 proceeded to the expected products.
Nmr Data

The lH nmr spectra of 213-223, recorded 1n Table 10,
consist of a doublet of triplets for the oxygen methylene
group, OCH2, and a triplet for the nitrogen methylene group,
CHZN, except in the spectra of 217 and 218 wherein the CH)N
resonances are an apparent quartet and a triplet of doublets,

respectively. These splittings, due to phosphorus-hydrogen

and hydrogen-hydrogen couplings, are similar for all of the



10. 1H nmr® data for phosphatrane derilvatives

Table
Compound 5CH,,0" 35,0 394y SCHLN § other H groups
2134 3.68at 10.5 5.6  2.60t
2114 5.10at 16.5 6.2  3.01t
215 4,054t 16.1 5.8 3.02t
216 4.174t 16.5 5.3  3.06t
2178 b.16at  14.1 6.2 3.43q (‘g,, = 6.2) §PH, 6.01a (To,, = 798
=
218° 4.23dt  16.8 6.0 3.30td (“JPH = 3.0) 8CgHg, 6.79m
219% 3.96dt 14.1 5.1  2.97¢t

aSpectra were recorded in dl—chloroform unless otherwise noted.

b

Chemical shifts are accurate to *0.05 ppm.

CCoupling constants are accuratzs to *0.5 Hz.

dThe spectrum was recorded in benzene.

€The spectrum was recorded in d3—acetonitrile.

f

The spectrum was

recorded 1n d5-dimethylsu1foxide.



Table 10. (Continued)

Compound SCH20 3JPH 3JHH GCHEN § other H groups
220 3.94d4t 13.6 5.0 2.96%
221 3.984t  13.0 5.6 2.97t
222° 4.454t  14.0 4.0 3.71t §CHy, 3.18s
223° 4.38dt 15.0 5.0 3.80t §CHg, 3.18s
ooyt 4.66dt  16.0 .0 §.11t
5.0 2.62t

N(CHZCHZOH)3 3.67t

8.
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compounds listed (3JPH = 13,0-16.5 Hz and 3J q = 4,0-6.2 Hz).

H
The appearance of uJPH = 5.8 and 3.0 Hz in 217 and 218,

respectively, is responsible for the different CH,N splitting

2
patterns in those compounds.

The chemical shift of the nitrogen methylene hydrogens
of 214-216 and 219-221 are 0.35-0.41 ppm downfield from
those of triethanol amine, while in 217 and 218 they are
0.82 and 0.69 ppm downfield, respectively. The positive
charge on 217 and 218 may account for their larger shifts,
but these values are not as great as the ones recorded for
222 (1.10 ppm) and 223 (1.19 ppm) which are also positively

charged species. Voronkov,16 Pestunovich gg_gl.86 and

Lo

Tzschach et al. = attributed similar changes in 6 CH N of

2
silatranes (0.10-0.31 ppm) and stannatranes (0.25-0.34 ppm)
To a reduced electron density on nitrogen as a result or
particlpation in a transannular Si-N or Sn-N bond.

The 13¢ nmr data in Table 11 show that the chemical
shifts of the OCH2 carbon and the phosphorus-carbon coupling
constants, 2JPC, in the phosphatrane compounds are similar
to the values found for tri-n-butylphosphate. The chemical
shifts of the CH,N carbon of 214-220 are 3.5-6.4 ppm upfield
with respect to triethanol amine while the § CH,N values of
222 and ggg are 7.9 and 8.4 ppu, respectively, downfield

from triethanol amlne. The different shift directions are

not due to the positive charge on the quaternized nitrogen
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Table 11. l3C.nmr..data for phosphatrane derivatives

Compound® 5CH,(0)" 235 SCH, () 335
214 67.7 11.8 50.9 -—
215 65.9 8.9 49,0 —
216 67.6 12.8 50.7 -
217¢ 60.0 10.8 48.5 12.8
218° 63.2 12.8 48.0 9.8
219° 64.9 10.8 49. 4 2.0
220 63.3 10.8 49.0 -
2224 60.2 10.8 62.3° —-
224° 64.3 6.9 63.17 —
N(CHZCHZOH)3 56.08 54l
P(O-n-C4H9)3 66.6 5.9

aNmr were taken 1In d, -acetone unless otherwlse noted at
a sweek wldth of 8000 Hz.

bChemical shifts are accurate to * 0.1 ppm.

cCoupling constants are accurate to #0.5 Hz. Coupling
that was not resolved 1s shown by a dash; =--.

dThe spectrum was recorded in d3—acetonitrile.

€The spectrum was recorded in d6-dimethysulfoxide.
f
shift.

The nitrogen methyl group has a coincident chemical
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of 222 and 224 since the cationic compounds, 217 and 218,

have the largest upfleld shifts, 5.9 and 6.4 ppm,
respectlvely. Three~bond phosphorus-carbon couplings, BJPC’
are observed in the spectra of 217-219 while this coupling
is too small to be resolved for any of the other compounds,

214-216, 220, 222 and ggg, As will be seen in later

discussion, these observations are indicative of certain

structural features in phosphatrane systems.

2
The JlP nmr chemical shift parameters recorded in

Table 12 for 214-216 are not very different from those of

the bicyclic phosphorus compounds Y-P(OCH
102 102

2)3CCH3 where
and -60.5 ppm,lo3

Y =S, 0 and Se (~57.4 ppm~“, 8.0 ppm

respectively). The phosphorus-selenium coupling constant of

216 (973.2 Hz) is also close to that measured for

L . . . 10R%
(QCH Y _CCH  (10E2 0 He) —~ <  Mhe nhac
VREg gt iy Navoe. U B2 ine phcs

th
coupling constants in 220-223 are similar to those for
acyclic and bicyclic phosphites 1n pentacarbonyltungsten

complexes, (0C) ML where L = P(OCH (1

104,105

3)3 wp - 398) and L =

1 _ : -
P(OCH2)3CCSH11 ( JWP = 3093) and in pentacarbonyl

MoP
= 226 Hz) (see Appendix).

molybdenum complexes, (OC)SML where L = P(OCH3)3 (1J

— 1
216 Hz) and L = P(OCH2)3CCH3 ( JMOP
The nmr active isotopes of tungsten (183w, 14.4%) and
molybdenum (95’97Mo, 15.7 and 9.5%) split the major 31P
resonances into a doublet for 183w (I = 1/2) and a sextet

for 95597Mo (I = 5/2). The sextet for 221 is reproduced in
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Figure 2. These data are consistent with a tetrahedral

geometry for the phosphorus atom in 214-216 and 220-224.
However, the § 31P values of 217-219 are unlike those

of analogous compounds. The chemical shift of 217 (20.9 ppm)

2)3CCH3J+

]+ (-24.,4 ppm).107 The spectrum

is over 40 ppm upfield from the shift for [HP(OCH

106

(-32.2 ppm) and [HP(OCH

303

of 217 contains coupling to both CH, groups' hydrogens (3J

2

PH
and MJPH) and the proton bonded directly to phosphorus
(1JPH) (Figure 3). The phosphorus~hydrogen coupling
constant of 217 (lJPH = 779.2 Hz) 1s distinctly smaller than

106

that of either [HP(OCH2) CCH3]+ (899 Hz) and HP(OCH3)3]

3
(826 Hz).1%7 wWnile the 3'P chemical shift of 218 is
considerably upfield from [(06}15)30?(00}12)300}13]+ (-51.3 ppm)
and [(06H5)3CP(OC2H5)3J+ (-25.7 ppm), the phosphorus-carbon

coupling constants, “J... are very similar {(Table 12).
The chemlcal shifts of 219 (-98.3 ppm) and H3B-P(OCH2)3CCH3
(-97.6) are nearly the same, but the phosphorus-boron
couplings, 1JPB’ are markedly different (120.3 Hz and

91.0 Hz, respectively). A tetrahedral geometry for
phosphorus in 217-219 1s not consistent with these

parameters.
Triptych Structures

A triptych structure for compound 217 requires a five-
cocordinate phosphorus atom with the ester oxygens equatorial

and the hydrogen and nitrogen axial 1n a trigonal bipyramidal



Flgure 2. The 31P nmr spectrum of pentacarbonylmolybdenum

phosphatrane. 221, shows a sextet (1:1:1:1:3:1)
31
of satellite peaks due to 95’97Mo-3 P coupling






Figure 3. The 31P nmr spectrum of 217 consists of a doublet of multiplet
due to lH—SlP coupling. Eight of the expected fourteen peaks
of each multiplet can be seen. The large singlet peak 1s the

external standard, 85% H3Pou
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Table 12. 31Pvnmr. data for phosphatrane derivatives

Compounda Gb 3JPHc Miscellaneous
Couplings
g

213 ~115.2 10.0

214 ~60.9 16.6

215 6.6 15.8

216 -58.0 16.6 Yo, = 973.2

217° 20.9 - 3oy = 779.6

2187 -5.9 16.1 Lo = 5.9

219° -98.3 ——- Lo = 120.3

220 ~119.2 14,4 L3 = 403.6

221 -143.7 14.1 Yyep = 229.0

aSpectra were recorded in dl—chloroform unless otherwise
noted at a sweep width of 9000 HzZ.

Chemical shifts are accurate to 0.1 ppm.

cCoupling constants are accurate to *0.5 Hz., Coupling
that was not resolved 1s shown by a dash, ---.

dThe spectrum was recorded 1n benzene.

€The spectrum was recorded in d3-acetonitrile.

fThe spectrum was recorded in d6-d1methylsulfoxide.
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Table 12. (Continued)

Compound 8 3JPH Miscellaneous
Couplings
e 1 -
222 ~122.5 14.0 JWP = 416.2
e 1 -
223 ~146. 4 15.0 Tuop = 235.7
224° 7.2 16.1
[(CcHe ) 1CP{OCH, ),CCHTY =51.3 - 1y = 5.9
65’3 2737773 ) PC ’
[(CH)CPIOCH,) T 057 — 3 = 6.0
65’3 3’3 . PC '
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geometry. The P-N transannular bond would add electron

BF

density to phosphorus increasing the base properties of the
compound. This enhanced basicity is consistent with the
unprecedented stability of 217. With the exception of 217,
all protonated phosphite esters are formed only at low
temperature in strcngly acidic media.106"108 The hydrogen
ponded TO phosphorus in 217 cannoi be removed by ordinary
bases. Four equivalents of 1,8-bis(dimethylamino)naphthalene
(Proton Sponge) or two equivalents of sodium methoxide
(Reaction 15 in Figure 1) do not deprotonate phosphorus, but
rather appear to remove a hydrogen from a methylene group.
The 3P nmr spectrum of this product (Figure 4) shows a

decidedly different multiplet with a chemical shift and lJ

PH
of 10.0 ppm and 726.9 Hz compared to 20.9 ppm and 779.6 Hz
for 217. Although this product has not been isolated or
further characterized, the symmetrical second order multi-

plets in Figure 4 are consistent with removal of a proton



Figure 4, The 31P nmr spectrum of the product of
Reaction 15 {(Figure 1) is a double of
multiplets. The large singlet is the

external standard, 85% H3P04






from one of the methylene groups of 217. Furthermore, under

strongly acidic conditions, HSO3F=SbF5 in liquid SO
31

2 at "5003

the ~~P spectrum of 217 remained unchanged, 1indlcating that

the nitrogen bridgehead was not protonated.

Vande Griend and Verkadelo7

demonstrated a correlation
between phosphite basicity and 1JPH for protonated phosphites.
Phosphorus-hydrogen coupling has also been shown to mirror

the effective nuclear charge parameter better than the per-
cent s character parameter of the Fermi contact term in

such systems wherein phosphorus is tetravalent.lo9 The lJ

PH
value of 217 may be small because the electron density from
nitrogen keeps the effective charge on phosphorus low.
Moreover, the detection of this coupling in the absence of

a protonating solvent demonstrates the strongly basic
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A triptych structure was confirmed by an X-ray crystal
structure determination in the case of 217.110 The bond
distances and bond angles are llsted in Table 13 and computer

97

drawings”' are shown in Figures 5 and 6. The P-N trans-
annular bond of 1.986 ! is greater than the sum of the
covalent radii (1.85 K).Yz This distance is about the same
as the Si-N distances found in 46 and 73,7°°7° if the
difference in atomic radii of silicon and phosphorus is taken

into account. The P-N bond length is also comparable to

the phosphorus-nitrogen distances 1In the six-coordlnate
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Table 13. Bond distances and angles for [H—P(OCH20H2)3N]BFM

Atoms®>P Distances (R) Atoms® Angles (°)
P-H(P) 1.349(71) P-0(1)-C(1) 122.7(4)
P-N 1.986(5) P-0{2)~C(2) 121.7(3)
P-0(1) 1.577(3) P-N-C(3) 106.0(4)
P-0(2) 1.581(4) P-N-C(4) 105.7(5)
¢(1)-0(1) 1.425(9) P-N-C(4)* 103.9(5)
c(2)-0(2) 1.447(6) 0(1)-P-0(2) 120.0(1)
¢(1)-C(3) 1.557(13) 0(1)-P-0(2) 120.0(1)
c(2)-C(4) 1.552(13) 0(2)-p-0(2)" 119.3(3)
c(2)-C(h)* 1.486(14) N-C(3)-C(1) 105.1(7)
N-C(3) 1.498(11) N-C(4)-C(2) 103.9(7)
N-C(4) 1.467(10) N-C(4)¥-C(2) 102.5(7)
B~F(1) 1.366(10) F(1)-B-F(3) 109.3(8)
B-F(2) 1.368(6) F(1)-B-F(3)' 106.1(5)
B-F(3) 1.324(11) F(2)-B~F(3) 108.0(6)

F(2)-B-F(3)' 113.4(5)
F(3)-B-F(3)' 113.4(5)
N-P-0(1) 87.1(2)
N-P--0(2) 87.6(1)

aNumbering of the atoms corresponds to that in Flgure 5.

bPrimed atoms have been generated by the mirror plane.

®An asterisk (#) denotes a disordered atom.
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Table 13. (Continued) . . .

Atoms | Distances (R) - Atoms  Angles (°)
N-P-0(2)" 87.6(1)
H-P-0(1) 88.8(29)
H-P-0(2) 88.7(48)
H-P-0(2)" 100.2(48)
H-P-N 172.2(48)

0(1)-C(1)-C(3) 106.6(5)
0(2)-Cc(2)~Cc(h4) 107.1(6)
0(2)'=C(2)'-C(L4)%¥106.9(6)
C(3)-N-C(4) 113.8(8)
C(L4)-N~C(L)* 112.6(7)
C{3)-N=-C(4)* 113.6(7)




FPigure 5. The computer drawing shows the molecular
structure of the cation of 217. Only the

hydrogen bonded to phosphorus 1is shown for
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Figure 6. The computer drawing of the molecular

structure of 217 is vliewed down the

H-P-N axis. Only the hydrogen bonded

+ . - - - -

to phosphorus is shown for clarity
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systems below (1.91-1.98 K). The electronegative fluorines

on the six-coordinate phosphorane group are effective in

lone pair.111

The phosphorus coordination geometry is trigonal

bipyramidal in 217 with 0-P-0 and O-~P-N angles averaging

Q ~ Q7 ho mmmrmAAt S~
v Ve v 4

A ~wnA T DN
CLlivk - 4N

“ ~ )
J k) CLiiva “ i1 ES

170 Avieel A A 779 N{ N0
L L T Uil v v ta\ ) .

This slightly distorted trigonal bipyramidal geometry of the
five electron pairs around the phosphorus atom in 217 con-
trasts the relative instability of this electron pair
configuration in :PX3<—NR3 adducts112 and intermediates
involved in certain reactions of trivalent phosphorus

compounds.113 The P-H bond distance in 217 (1.35 R) is about

0.1 K shorter than the 1.41 to 1.45 K found 1in several

phosphines and PHu+ 114 and 1s alsc slightly shorter than the

sum of the covalent radii (1.38 K).72 The rest of the bond
angles and distances of the tricyclic 217 are typical for

this g;eometry.75-77
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115

McEwen et al. have proposed that a p-d interaction

between the methoxy oxygen and phosphorus of o-anisyldlaryl-
phosphines, as deplcted below, lowers the transitlon state

energy of quaternization reactions of these phosphines.

CH

\{
5

P

O

The 1ncreased electron density in the d-orbitals of
phosphorus from such an interaction is belleved to result in
a marked acceleration oI this reaction compared with triaryil
phosphines lacking ortho-oxygens. The P-N p~d interaction
of 217, which greatly enhances its stability and the base
strength of the parent compound, lends some support to the

rationale of McEwen et al.115

— —

It should be pointed out,
however, that the ring size in 217 1s larger than that in
the proposed transition state shown above.

The triptych structure provides & rationalization for
the observation of the MJPH and 3JPC couplings in the nmr
spectra of 217. Thus, the four-bond phosphorus-hydrogen

coupling 1s reduced to a three-~bond interaction by the P-N
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transannular bond. Similarly, the phosphorus-carbon coupling

hecomes a two-bond codpling. The fact that phosphorus does

not couple to the nitrogen methylene groups of 214-216, 220

and 221 may be an indication of a bicycllc geometry for these
compounds and hence the lack of a P-N bond. Slnce the 1H and
130 nmr spectra of gl@ and 219 are similarly split by
phosphorus, the triptych geometry must be considered likely
for these compoun

Compound 218 is far more stable than [(06H5)3CP(OCH2)3
CCH3]+ or [(C6H5)30P(OCH3)3]+ which decompose on standing.
The 31P chemical shift of 218 1s about 20 ppm upfleld from
the resonances of the latter compounds. These observations
coupled with the electron withdrawing property of the
trityl group, (C6H5)3C+, and the above-mentioned phosphorus
couplings indicate that the structure of 218 is probably
also triptych.

The lH and 150 nmr data of 219 are of 1little assistance

3

in determining its structure since a JPC coupling is resolved
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Y

while a 'J.. splitting 1s not. The 1 value (120.3 Hz)

PH PB
observed in the 31P spectrum of 219 1s unusually large when
compared With the largest value of thls coupling 1n phosphite-

borane adducts, 108.0 Hz for (CHQO)(H3B)P(OCHCH3)2CH2 (227).

v
| B
BH,
221
Tt is tempting to attribute the large 1JPB value of 219 to

an enhanced basicity of 213, but studiesll6’117 have shown

such conclusions to be tenuous. In smoothly varying series

1
such as H3P-BH3, PgHP—BH3 and F3P=BH3 the JPB value

quantitatively mirrors basicity; however, a comparison of

1JPB values of similar magnitude for compounds of very

different composition or structure is not V&Lid.ll? In
light of this caution the phosphorus-boron coupling constant
only indicates that there appears to be a change in
phosphorus geometry and/or donor properties.

Exchange studies of solutions of 219 and a series of

Lewis bases, however, do imply that the large 1JPB value 1s

consistent with an 1increased base strength. No borane
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exchange was evident in solutions of 219 and trimethyl-
phosphite, triphenylphosphine, trlethylamine and pyridine in
Reaction 16 even when equilibrated for two months. The

reverse exchange does take place (Reaction 17).

219 + Base > N.R. (16)
- i’ \>
Base = P(OCH;3)3, P(CgHp)g, N(C,Hi)y or N
213 + H3BP(OCH3)3 s> 219 + P(OCH3)3 (17)
118

Application of Bent's isovalent hybridization rule
to the B-H bond and assuming that B-H and C-H stretching

frequencies behave similarly in thelr dependence upon the

119

carbon hybridization, allows use of the vB-H frequencies

of borane adducts as a measure of base strength. The

e e e o oy . T s T
nybridization of boron's valcence crbitals and vR-H wil

1 vary
with the amount of electron density donated by the base.

A decrease in vB-H corresponds to less s character in the
B-H bond and an lncrease In baslicity. The vB-H frequencies
in the infrared spectrum of 219 (2385, 2347 cm-l) are lower
than those of H3BP(OCH2)3CCH3 (2421, 2363 cm-l) or 227
(2392, 2342 cm-l). This evidence for the enhanced basicity
of 219 coupled with the high polarity of the adduct as
evidenced by 1ts insolubility in all but the most polar
solvents, reinforces the assignment of a tricyclic structure

for 219.
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Blcyellce Structures

The structure of the chalconide derivatives, 214-216,
and zero-valent metal carbonyl complexes of phosphatranes,
220 and 221, are not easily deduced from the available
spectroscopic data. Nmr data reflecting the phosphorus
stereochemistry are consistent with a normal tetrahedral
geometry, while those assoclated with the nitrogen bridge-
head stereochemistry are rather ambiguous. The similarity
of the 31p chemical shifts of 214-216 and the 31P—Se,
31P183W and 31p92597q coupling constants in 216, 220 and
221, respectively, to known compounds, as previously noted,
suggests a normal tetrahedral geometry at phosphorus. The
infrared spectra of 214-216 also show no unusual vP=S,

1

vP=0, or vP=Se frequenciles (881 and 614 em™~, 2176 em™t and

580 cm"l, respectively), according to the ranges set by
Thomas.l2O
The reactivity of the nitrogen bridgehead of 214-226

1s greatly reduced. A reaction time of nearly 10 hours is

o]
)

wccded to gquaternize the nitrogen in 214-216 and methyl
iodide a2t 40° in acetonitrile (Reactions 10-12 in Figure 1)
while triethanol amine reacts completely in 30 minutes under
the same conditions. Reactions 13 and 14 in Figure 1
quaternize the nitrogen of 220 and 221 after 4 hours, but

trimethyloxonium fluoroborate does not methylate the

nitrogen of 214-216 during the same time.
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Nelther a bicycllic nor a triptych structure accounts
for this low reactivity. A bicyclic geometry would seem to
require the nitrogen to be at least as reactive as triethanol
amine. While a tricyclic structure severely decreases the
avallabllity of niltrogen for reaction, 1t also requilres a
pentacoordinate phosphorus which 1s inconsistent with the
nmr evidence.

The chemlcal shifts of the nltrogen methylene group in

the 'H and 13¢ nmr spectra of 214-216, 220 and 221, as

discussed earlier in this section, are not consistent with
a tetrahedral nitrogen. The values of the 130 nmr parameters
are nearly the same as those for 217-219, but no electronic
interaction with phosphorus 1s indicated. Dipole moment
measurements may have helped to decide which structure 1is
correct, bul ULiese Coilpouilds weile ot su
in the solvents triled.

The dilemma was resolved by the crystal structure

determination of 2'111.12l

The bond distances and bond angles
for glﬂ are listed in Table 14. The phosphorus coordination
geometry is tetrahedral with S-P-0 and O0-P-0 angles
averaging 110.8° and 108.1°. However, the nitrogen is
nearly trigonal planar with C-N-C angles averaging 119.2°.
This 1s readily seen in the computer drawingsg7 of g}ﬂ in
Figures 7 and 8. The nitrogen is 0.13 K out of the plane

formed by the carbons bonded to nitrogen. The P-N distance
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Table 14, Intramolecular bond distances and angles for
S=P(OCH20H2)3N.

Atoms® Distances (R) Atoms - Angles (°)
P-S 1.933(3) S-P-0(1) 110.7(3)
P-0(1) 1.568(7) S-P-0(2) 110.6(3)
P-0(2) 1.609(7) S=~P-0(3) 111.2(2)
P-0{(3) 1.548(7) 0(1)~P-0(2) 106.2(4)
0(1)-C(1) 1.528(12) 0(1)-P-0(3) 110.0(4)
0(2)-C(3) 1.513(11) 0(2)-P-0(3) 108.0(4)
0(3)-c(5) 1.492(12) 0(1)-C(1)-C)2) 116.0(8)
c(1)-c(2) 1.537(14) 0(2)-C(3)-Cc(4) 116.6(8)
c(3)-c(4) 1,538(14) 0(3)-c(5)-c(6) 117.1(8)
C(5)-C(6) 1.589(14) P-N-C(2) 84.1(5)
C(2)-N 1.460(14) P-N-C(4) 85.6(5)
C(l4)-N 1.424(14) P-N-C(6) 84,3(5)
C(6)-N 1.466(14) P-0(1)-C(1) 124.3(6)
P-0(2)-C(3) 126.1(6)
P-0(3)-C(5)} 127.6(7)
N-C(2)-C(1) 118.3(8)
N-C(4)-C(3) 117.9(7)
N-C(6)-C(5) 116.5(8)
c(2)-N-C(k4) - 119.5(8)
C(2)-N-C(6) 116.2(9)
C(L4)-N-C(6) 121.8(9)
S-P-N 179.2(4)

aNumbering of the atom corresponds to that in Figure 7.



Figure 7. The computer drawing shows the molecular
structure of 214. The hydrogen atoms

have been omitted for clarity
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Figure 8. The computer drawing shows the molecular
structure of 214 viewed down the S-P-N
axis. The hydrogens have been omitted

- Y. R R
LOrr cirdrtiLuvy
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(3.132 X) arising as a consequence of the geometry appears to
preclude any transannular P-N lnteraction. The P=S bond

distance (1.933 3) 1s slightly longer than the average bond

length of thiophosphoryl groups (1.91#0.06 K),122

123

but within

the range of known values (1.85-1.98 X).
The planar nitrogen in 214 is probably moré sterlc in

origin than electronic. The chemical and spectroscopic

studies of manxine 228 have concluded that the nitrogen and

_'6_- -

- -

o

S
, 4
=
(2]

methine bridgeheads are substantlally flattened to relieve
1,5 hydrogen-hydrogen interactionsglgu'126 These inter-
actions involve the hydrogens on carbons a and ¢ and carbon
b of different bridge arms of the cage. The best evidence
for this flattenling 1s the structure of manxine hydro-

chloride127

whose C=-N-C angles are opened to 115.5° and whose
ring angles, N-C-C (117.4°) and C-C-C (113.9°-119.7°),
deviate substantially from the tetrahedral value (109.5°).

In 214 the absence of hydrogens on the three oxygens along
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with the flexibllity of oxygen in organophosphorus com=-
pounds128 allows phosphorus to retaln the normal angles.
However, the hydrogen interactions from carbons b and ¢ stilll
cause ring strain (N-C-C, 117.6° and C-C-O, 116.6°) and
flatten the nitrogen bridgehead.

By analogy to 214 the structures of 215, 216, 220 and

221 may well have a tetrahedral phosphorus and a trigonal
planar nitrogen. The reduced reactivity of nitrogen in these
compounds may be the result of steric hindrance of the

methylene hydrogens as in'22812u

—

which blocks approach to
nitrogen lone pair. Strain produced in making nitrogen
tetrahedral in the quaternization and/or a molecular dipole

effectl29 may also be operative.

lH and 130 chemical shifts of the

oo 121

0.1 nom
FRLE A AL

The values for the

P R | - F )
iethylene group of manxine (2.

0
\Jl

nitrogen and

\

respectively) match the values in Tables 10 and 11 for
compounds 214-221., These values are then more reasonably
interpreted as indicative of a planar nitrogen rather than

transannular bonding as proposed by Voronkov,16 Pestunovich

et gl.,86 and Tzschach et 21.40

Structure of Phosphatrane

Phosphatrane, 213, can reasonably be assigned a
structure in which phosphorus is tetrahedral and nitrogen

is planar by analogy to the structures of the derivatives
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214-221 already discussed. The geometries of the reaction

products of phosphatrane may be elther triptych or may

retaln this biecyclic structure depending upon whether or not
enough electron density is removed from phosphorus for 1t to
accept the nitrogen lone palr. On the basls of the available
data, phosphorus substituents which remove a large amount of
electron density (H', (06H5)3c+ and probably HB) result in

a triptych configuratlon while those which do not (chalco-
nides and zero-valent metal carbonyls) remain in the

phosphatrane sulfide (214) structure.
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SUMMARY

Phosphatrane, 213, which can be synthesized from tri-
ethanol amine and tris(dimethylamino)phosphine in toluene
solution probably has a pyramidal phosphorus and a trigonal
planar nitrogen. In reactions with chalconldes and zero
valent metal carbonyls, it appears to retain thils geometry
while in reactions with strong electron withdrawing groups

such as H+, (C.H.) ¢t and probably H_B the phosphorus
67573

3
accepts electron density from the nitrogen lone palr forming
the transannular P-N bond in the triptych geometry. These
tricyclic products exhibit properties consistent with the
consequent enhancement of the phosphorus Lewls basicity.

The [3.3.3] bicyeclic structure in general forces both
bridgehead atoms toward planarity in order to relieve
hydrogen-hydrogen interactions. Thus, atrane compounds
tend to have a trigonal planar nitrogen for sterlc rather
than e;ectronic reasons. In the presence of a sufficiently
electronegative second bridgehead atom which also has an

S ital, the nitrogen lone pair electrons form a

transannular M-N bond in a triptych geometry.
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PART II: STRUCTURE-TOXICITY RELATIONSHIPS OF
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INTRODUCTION

Thie discovery of the high toxicity level of U-alkyl-l-

phospha-2,6,7-trioxabicyclof[2.2.2]octanes, Y-P(OCH,).C-K, and

2)3
their 1-oxo and l1-thio derivatives, Y = 0,S was reported

within the past three years by Bellet and Casida.l30

These
compounds are approximately 30 times more toxic than the

pesticide parathion, (S)P(OCzH ) (OC6HHN02)’ or the central

572

nervous system poison dilsopropylfluorophosphate,
(O)PF(O-i-C3H7)2. This disclosure caused a great deal of
concern for workers in many areas of the chemical community

due to the use of these compounds in coordination and spec-

troscopilc studiesl3l and thelr patented properties as flame
retardants,l32 stabllizcrsl33 and anti—oxidantsBu in polymer
products.

Intraperitoneal administratlion to mice 1n doses as low
as 0.2 milligrams per kllogram of body weight of these com-
pounds produce convulsive seizures and death within a few
minutes. The ethyl compound, P(OCH2)3C-CZH5, was found to
be fatal to rats 1in inhalation studiesl35 (exposures of about
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twelve hours at 5 ppm). Also, the small amounté of
O=P(OCH2)3CC H5 present in the combustion products of poly-
urethane foam containing trimethylol propane, C2 5C(CH2OH)3,

as a plasticizer and flame retarded by organophosphorus com-

pounds produced tonic-clonic seizures and death in rats.l36

Studies which have indicated that the toxicity of these
compounds is not due to acetylcholinesterase inhibition130’137
(unlike other toxic organophosphorus compounds) have height-
ened the concern of those who work with these phosphorus
esters while at the same time rendering these systems of keen
interest to investigate with regard to their mode of action.

Fortunately, barbiturates have been found to be useful anti-

dotes and the toxicity is apparently not cumulative.l30

130

Bellet and Casilda speculated that the similar toxicities

N +tha nhnernhi+n ﬁhr\cnho‘f- and n
Cli LOC pPAalopPiiliT, pLlopliacce il pd

given cage compound Y=P(OCH,).C-R (Y = 1lp, S or 0) were

2)3

probably due to prior in vivo oxidation of the phosphite and

phosphorothionate to the phosphate. It was also felt that a
structural similarity of the bilcyclic phosphates to cyclic

adenosine monophosphate (c-AMP) might be relevant.

0 Adenine

p./
0{g 0

OH
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Two other polycyclic compounds are known to act at
similar dosage levels to produce severe convulsions and death
in rats and mice, namely 2,6-dithlo-1,3,5,7-tetrazatricyclo-
[3.3.1.1]decane-2,2,6,6-tetraoxide (tetramethylenedisulfo-
tetramine)l38’139 and 1-(p-chlorophenyl)-l-sila-5-aza-2,8,9-
trioxatricyclo[3.3.3.0]Jundecane(p~chlorophenyl sila-

_140,141 The similarity of the symptoms caused by

N
@
Yisg

Tetramethylenedisulfo- p-Chlorophenyl silatrane
tetramine

trane)

p-C1C6H4
Adi—o
o))

these compounds and their dissimilarity in chemical compo-
sition and structure obscures any simple structure-toxicity
relationships. The study presented here was designed to
relate structure and composition features of bleyclic
compounds of the typé listed in Tablé 15 to tokicity as wéll

as to look for indications of the mode of action.
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EXPERIMENTAL
Materlals

Materlals not specifically noted and solvents were of
reagent grade or better. In most instances solvents were
dried and stored over Linde 4A Molecular Sieves. Anhydrous
ether and tetrahydrofuran were obtained by refluxing over
and distillation from lithium aluminum hydride on to Molecular
Sieves under nltrogen. Phosphorus trichloride and trimethyl
phosphite were obtained from Aldrich Chemical Company and
carefully distilled before use. Pentaerythritol, 2-hydroxy-
methyl-2-methyl-1,3-propanediol, 2-hydroxymethyl-2-ethyl-
1,3-propanediol, 2-hydroxymethyl-2-propyl-1l,3-propanediol,
triethylorthoformate, triethylorthoacetate, and trimethyl
orthovalerate were also purchased from Aldrich and were used

without further purification.
Nmr Spectra

Al1 1H spectra were obtained in 15-20% chlorof‘orm-dl
solution (except where noted) using either a Varian A-60 or
Hitachi Perkin-Elmer R20-B spectrometer operating at 60 MHz.
Chemical shifts are given in ppm (§) relative to internal
tetramethylsilane, with a positive shift indicating a

resonance at an applied magnetic fleld less than that of the

standard.
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Infrared Spectra

Infrared spectra were obtalned on a Beckman model 12 or
a Beckman 4250 spectrometer. Both solids and liquids were run
as 0.05 M - 0.01 M solutions in chloroform in demountable
cells (Barnes Engineering Company) with sodium chloride
windows and 0.1 mm spacers. All spectra were recorded in the
double beam mode with solvent in the reference beam and were

calibrated with polystyrene,.
Mass Spectra

Routine mass spectra were obtained using an Atlas CH-U4
mass spectrometer. All compounds, whether liquid or solid,

were run as liquids due to their high volatility.

For the purposes of this study compounds 278, 279 and
80 in Table 15 were obtained from Borg-Warner Chemicals and

compounds 287, 291 and 292 were provided by Chemical Samples

Company, MRT Chemicals Tne. and the Fish and Wildlife

Service, United States Department of the Interior, respective

respectively. Casida et gl.1u2 prepared compounds 247, 248,

143

250-252 and 286 and Ebel prepared compounds 281 and 282.
The preparations of the remalining compounds in this study

are described below.
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1,2,4-Butanetriol

The technical grade materlal from Aldrlich Chemlcal
Company was found to give poor results. Purification of the .
triol was accomplished bv repeated washings with an equal
volume of acetone. After vigorously shaking the mixture
the triol would separate as a viscous layer with the acetone
layer carrylng away much of the yellow coloration and odor
of the impure triol. Purification in this manner improved

the ylelds of reactions greatly.

2-Hydroxymethyl-2-isopropyl-1,3-propanediol
This triol was prepared by three different literature

144,145,146 146

methods. Involved the use

The best procedure
of sodium hydroxide instead of calcium oxide or hydroxide
and less formalin solution which results 1in less diffilculty

In the isolation of the product.

2=Hydroxymethyl-2-butyl-1.3-propanediol

This triol was prepared following the preceding

method, 16

2-Hydroxymethyl-~2-hexyl-1,3-propanediol

This trlol was prepared following the preceding
146

procedure.

2-Hydroxymethyl-2-pentyl-1,3-propanediol

This triol was prepared following the preceding

method.146
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2-Hydroxymethyl-2-phenyl-1,3-propanediol

This triol was prepared by a literature method.luu

2-Hydroxymethyl-2-bromomethyl-1,3-propanediol

Monobromopentaarythritol was prepared by a literature
147

procedure.

Trimethylorthobutyrate

This orthoester was prepared followlng a literature
148

procedure.

Trimethylorthoisobutyrate

This orthoester was prepared by a literature
148

procedure.

4-Butyl-l-phospha-2,6,7-trioxabicyclo[2.2.2]octane

¢ wac prepared by the reaction of the

9 5 32 with phosphorus trichloride as
described by Rix et g;,lug This procedure was found to be
preferable to the transesterification method150 for long

chain alkyl groups 1n the UY-position. The product was
sublimed at 50° and .1 mm. Mp. 35-6°, yleld 54%, H nmr

3 _ : +
CH, (d, 3.93 Jpy = 3 Hz), CyHg (m, 112), m/e 190 ().

4-Butyl-l-oxo-l-phospha-2,6,7-trioxabicyclo[2.2.2]octane

(240)

The phosphite was oxidized using 30% hydrogen peroxide

in absolute ethanol following the literature procedure for
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oxidation of P(OCH2)3C-CH3.151 Mp. 197-8°, yield 78%,

1y nme CH, (d, 34.57 3JPH = 6.4 He), Gy (m, 1.01), m/e

206 (mh).

L-Pentyl-l-oxo-l-phospha-2,6,7-trloxabicyclel2.2.2]octane

(241)

The phosphate cage was prepared by the reporten

method.152

4-Hexyl-l-phospha-2,6,7~trioxabicyclo[2.2.2]octane

The phosphite was prepared by the literature
procedure.lug
L-Hexyl-l-oxo-l-phospha-2,6,7-trioxabicyclo[2.2.2]octane
(242)

——

The phosphite was oxldized by the method noted for 240.
Mp. 62-3°, yleld 95%, 'H mmr CH, (d, 4.50 31, = 7 Ha),
+
Celyg (m, 1.25), m/e 234 (M').

i-Phenyl-l-phospha-2,6,7-trioxablcyclo[2.2.2]octane

The compound was prepared by the method reported
153

previously.

}-Phenyl-1-oxo-1-phospha-2,6,7-trioxabicyclo[2.2.2]octane

(243)

This phosphlte was oxidized by the procedure described

for 240. Mp. 87-8°, yield 90%, 'H nmr CH, (d, 4.82 3y, =

6.5 Hz), CgHg (m, 7.28), m/e 226 (M.
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4-Methyl-2,6,7-trioxablcyclo[2.2.2]octane (253)

The procedure used to prepare compound 253 1s the same
as those used for compounds 254 to 277 and will only be
described 1n detail for compound 253.

A mixture of 5.0 g (0.042 moles) of triol, CH3C(CH2OH)3,
6.5 g (0.044 moles) of triethylorthoformate, HC(002H5)3, and
one drop of concentrated hydrochloric acid in a 50 ml
round-bottom flask equipped wilth a magnetlc stirring bar
and a micro distillation apparatus was lowly heated to
80-90°. The ethanol produced by the transesterification
reaction was collected as it distilled. After two hours,

90% of the theoretical amount of ethanol had been collected
and the reaction flask was cooled. The syrupy reaction
mixture was then vacuum distilled. All ortho esters boiled
ween 75

_~ -~ P | T [o] e
WE i nd 110° at 0.5 mm and most of the distillates

W

bet
crystallized upon cooling. These were further purified by
sublimation at 50-60° and 0.5 mm while the liquids were
redistilled. Mp. 103-L, yield 35%, 'H nmr, CHy (s, 0.79),
CH, (s, 379), HCOy (s, 5.31), m/e 130 ('), ir 2970s,

2880s, 1469m, 1392w, 1363m, 1258w, 1150s, 1126w, 1096w,
1066m, 1005vs, 970s, 959m, 912s, 855m, 850m. (The infrared
spectra of the rest of the 2,6,7-trioxabicyclo[2.2.2]octanes

prepared are very similar and wlll not be reported here.)
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4L-Ethyl-2,6,7-trioxabicyclo[2.2.2]octane (254)

This compound was prepared by the procedure described

for compound 253. Mp. 58-60, yield 43%, % nme C2H5 (q,

1.20, t, 0.80), CH, (3.88), KCO, (5.46), m/e 144 (M').

3

4-Propyl-2,6,7~trioxablcyclo[2.2.2]Joctane (255)

This compound was prepared by the procedure described

for compound 253. Mp. 57-8, yileld 63%, Y nme C3H7 (m,
0.94, 1.16), CH, (s, 390), HCO, (s, 5.49), m/e 158 nty.

4-Isopropyl-2,6,7-trioxabicyclo[2.2.2]octane (256)

This compound was prepared by the procedure described
for compound 253. Mp. 58-60, yield 67%, H nmr Cqty (m,

1.45, 0.94), CH, (s, 3.94), HCO, (s, 5.46), m/e 158 (M").

4-Butyl-2,6,7-trioxabicyclo[2.2.2]octane (257)

Thils compound was prepared by the procedure described
for compound 253. Bp. 95-8 (1 mm), yleld 57%, M onmp
Cqu (m, 0.89, 1.16), CH, (3.91), HCO3 (5.52), m/e 172
(.

1,4-Dimethyl-2,6,7-trioxabicyclo[2.2.2]octane (258)

This compound was prepared by the procedure described
for compound 253. Mp. 105-6, yield 40%, ‘H nmr CHy (s,

0.81), CH, (s, 3.88), CHyCO, (s, 1.43), m/e 1k M*y.
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4-Hexyl-l-methyl-2,6,7-trioxabicyclo[2.2.2]octane (259)

Thils compound was prepared by the procedure described
for compound 253. Mp. 38-40, yleld 87%, ¥ nmr 02H5 (m,

0.83, 1.18), CH, (3.90), CH,CO, (1.40), m/e 158 arty.

4-Propyl-l-methyl-2,6,7-trioxablcyclo(2.2.2]Joctane (260)

This compound was prepared by the procedure described

for compound 253. Mp. 38-9, yileld 74%, 1y nmr C3H7 (m,

0.94, 1.16), CH, (3.91), CH4C04 (1.4L), m/e 172 ("),

L-Isopropyl-l-methyl-2,6,7-trioxablcyclof2.2.2]octane (261)

This compound was prepared by the procedure described

for compound 253. Mp. 37-9, yield 83%, % nmr C3H7 (d,

0.86, my, 1.44), CH, (s, 392), CH3CO3 (s, 1.41), m/e 172
+y
]

(M

L-Butyl~l-methyl-2,6,7-trioxablcyclo[2.2.2]Joctane (262)

This compound was prepared by the procedure described
for compound 253. Bp. 100-5 (1 mm), yield 49%, 'Y mp
Cqu (m, 0.94, 1.16), CH2 (s, 3.92), CH3CO3 (s, 1.44),
m/e 186 (M').

4-Hexyl-l-methyl-2,6,7-trioxabicyclo[2.2.2]octane (263)

This compound was prepared by the procedure descrlbed
for compound 253. Bp. 105-7 (1 mm), yleld 80%, 1y nmr
C6H13 (m, 0.86, 1.19), CH, (s, 3.89), CH3CO3 (s, 1.42),
m/e 214 (M7).



127

4-Bromomethyl~1l-methyl-2,6,7-trioxabicyclo[2.2.2]octane (264)

Thils compound was prepared by the procedure described
for compound 253. Mp. 50-2, yield 89%, 4 nme BrCH, (s,

3.10), CH, (s, 3.98), CHCO, (s, 1.44), m/e 223 ).

3

L-Methyl-l-ethyl-2,6,7-trioxablcyclcl2.2.2]Joctane (265)

This compound was prepared hy the procedure described
for compound 253. Bp. 104-5 (30 mm), yield 93%, 1y nme
CH3 (s, 0.81), CH2 (s, 3.86), C2H5003 (m, 0.90, 1.68),
m/e 158 (M').

1,4-Diethyl-2,6,7-trioxabicyclo[2.2.2]octane (266)

This compound was prepared by the procedure described
for compound 253. Bp. 114-6 (30 mm), yleld 90%, H nmr

C2H5 (my, 0.94, 1.11), CH2 (s, 3.90), C2HSCO3 (m, 0.94,

\ +
r ; b s I LAY
7Y, m/e 172 (W ).

1.

(&

4-Propyl-l-ethyl-2,6,7-trioxabicyclo[2.2.2]Joctane (267)

Thils compound was prepared by the procedure described

for compound 253. Bp. 90-4 (2 mm), yield 85%, M nmr

C.H, (m, 1.
3 7 \iil g
m/e 186 (M7).

16), OH (S,

Q.Q-l\ - P ) - - . - . .
CH, 91), C.H (‘oj (m, 0.95, 1.66),

-~ ] b

L-Methyl-1l-propyl-2,6,7-trioxabicyclof2.2.2]octane (268)

This compound was prepared by the procedure described
for compound 253. Mp. 40-1, yleld 74%, 4 nmr CH3 (s, 0.80),

CH, (s, 3.88), C4H,CO (m, 0.95, 1.59), m/e 172 (i),
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L-Ethyl-l-propyl-2,6,7-trioxabicyclo[2.2.2]Joctane (269)

Thils compound was prepared by the procedure described
for compound 253. Mp. 99-105, yleld 82%, 4 nmp 02H5 (m,
0.82, 1.13), CH, (s, 3.88), C,H,C0; (m, 0.92, 1.57), m/e
186 (M'),

1,4<Dipropyl-2,6,7~trioxabicyclo[2.2.2]octane (270)

This compound was prepared by the procedure described
for compound 253. Wp. 71-2, yield 80%, 'H nmr c3H, (m,
0.90, 1.59), CH, (s, 3.90), C.H,00, (m, 1.15, 1.59), m/e

377773
200 (M7).

i-Methyl-l-1isopropyl-2,6,7-trioxabicyclo[2.2.2]octane (271)

Thls compound was prepared by the procedure described

1

for compound 253. Mp. 37-8, yleld 70%, “H nmr CH3 (s, 0.78),

+
un2 (s, 3.80), Csn7uu3 (my, 0.55, 1.85), m/e 172 (M7).

3

L-Ethyl-l-isopropyl-2,6,7-trloxabicyclo[2.2.2]octane (272)

This compound was prepared by the procedure described

for compound 253. Mp. 30-1, yield 86%, 4 nmr C H5 (m,

e A

5), /e

acy N

0.90, 1.05), CH, (s, 3.88), C3H7CO3 {m, 0.95, 1.
186 (M1).

This compound was prepared by the procedure described

for compound 253. Mp. 34-5, yleld 86%, % nmr 03H7 (m,

1.13), CH, (s, 3.88), CJH,CO, (m, 0.96, 1.75), m/e 200 ().



129

1,4-Diisopropyl-2,6,7-trioxablecyclo[2.2.2]octane (274)

This compound was prepared by the procedure described

for compound 253. Mp. 64-5, yield 81%, 1y o C3H7 (m,

0.85, 1.64), CH, (s, 3.93), C4H Cuy (m, 0.95, 1.75), w/e
200 (MT).

4-Methyl-l-butyl-2,6,7-trioxabicyclo[2.2.2]Joctane (275)

This compound was prepared by the procedure described
for compound 253. Mp. 33-4, yield 81%, ly nmr CH3 (s, 0.79),

CH, (s, 3.87), C,H,C0y (m, 1.40), m/e 186 ().

4-Ethyl-1-butyl-2,6,7-trioxabicyclo[2.2.2]Joctane (276)

This compound was prepared by the procedure described
for compound 253. Bp. 78-80 (0.2 mm), yleld 94%, Y e

+ .
ANn (vt
[AR VAV U I

CyHqCOq (my 1.10), m/e

1-Tris(chloromethyl)methyl~4-methyl-2,6,7-trioxabicyclo-

[2.2.2]octane (277)

This compound was prepared by the direct esterification

~ ~noANTT l u
of (u¢un2\3 CO o by Cq3 (CL2 OH
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~

in xylene sclution as

33
described in the literature.

1-Thio-l-phospha-5-aza=-2,8,9-trioxabicyclo[3.3.3]Jundecane
(214)

This compound was prepared as described in a prevlous

part of this dissertation (p. #45).
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1-Protio-l-phospha-5-aza-2,8,9-trioxatricyclol3.3.3.0]-

undecane tetrafluoroborate (217)

This compound was prepared by the procedure described

in an earlier part of thls dissertation (p. 48).

1-Triphenylmethyl-l-phospha-5~aza-2,8,9-trioxatricyclo-

[3.3.3.0]undecane tetrafluoroborate (218)

This compound was prepared by the procedure described

in an earlier portion of this dissertation (p. 49).

1-0x0-1-phospha-2,8,9-trioxaadamantane (288)

This compound was prepared as descrilbed in the
156

literature.

1,3,9-Trioxaadamantane (289)
This compound was prepared by the procedure described

in the literature.157

1-Methyl-2,7,8-trioxablcyclo[l.2.3]octane (290)

This compound was prepared by the procedure described
for compound 253 from purified 1,2,4-butanetriol and

triethylorthoacetate. MNp. 81-4°, yleld 654, 'H nmr CH,

(m, 2.20), OCH, (m, 3.98), OCH (m, ¥.64), CH,C0, (s, 1.56),

-m/e 130 ("),



131
Toxlelty Studies

This portion of the study was carried out by
Dr. J. E. Caslda's research group at the University of
California, Berkeley. Only the essential details of that
work are included here. (A more detalled description can
be obtained from reference 142.)

LD50 values (lethal dose 50% effective) were determined
for male albino Swiss Webster mice 24 hours after ip (intra-
peritoneal) administration of the bileyeclic compounds.

Thirty or more mice were used to determine each LD50 value
except ggg and g@g where only four mice were used because
of a limited amount of compound.

Subacute toxicity tests with mice involved daily or
bi-daily administration of the compounds.

Studies with other specles were also made. The
following anlmals were tested for sensitivity to the
bicyclic compounds: mature white leghorn hens, one week

0ld white leghorn chicks, fertlle white leghorn eggs,

cockroaches (Periplaneta americana). Other insects (adult

milkweed bugs, adult German cockroaches, adult houseflles,
larval and adult yellow mealworms, lepldopterous larvae of
}y species, bean aphids and two-spotted mltes) were tested

by standard contact, topical, spray or dip procedures.
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Miscellaneous Biological Tests

The response of muscle and nerve tissue was tested with
the diaphragm of mice aind the abdominal nerve cord of the
American cockroach and the crayfish (Cambarus. sp.).

The metabolism of 231, 232 and 233 by mouse liver

microsomes with and without reduced nicotinamide adenine
dinucleotide phosphate (NADPH) was investigated by bio-
chemical techniques.

The effect of biecyclic compounds on the beef heart
¢-AMP phosphodiesterase enzyme was also checked to test the

possible involvement of c¢-AMP in the mode of action.
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RESULTS
Structure~Mouse Acute Toxlclty

For the purposes of clarity and discussion, the compounds
used 1n this study have been divided into three categoriles.
The first includes l-phospha-2,6,7-trioxabicyclo[2.2.2]=

octanes, Y-P(OCH C-R (229-252), while the second contains

2)3
2,6,7-trioxabicyclo[2.2.2]octanes, R'-C(OCH2)3C-R (253-277) ,
and the last collects the remaining bicyclic compounds, 214,
217, 218 and 278-292. The results of the toxlcity studies
are summarized in Table 15.

There 1s a remarkable similarity within the first

grouping of the potency of the corresponding phosphites,

phosphates, and phosphorothionates (where R = CH3, C2H5,
n-C3H7, i—C3H7 and CH,CH, compounds 229-239 and 2LL-2i6) 1In

the R = n-alkyl series, 229-236 and 240-242, optimal toxicity
appears with the n-propyl group, but two- to three-fold
greater toxleclty 1s found with the i-propyl group, 237-239.

A phenyl substituent, 243, 1s about the equivalent of an
n-butyl molety, 240, in toxicity. Compounds containing a
hydroxymethyl zroup, 244-246, are inactive (500 mg/kg) while
the aceto compounds, gﬁl, and the tertiary alconol, gﬂg, are
moderately toxic. Nitrogen-containing R-groups vary greatly

in toxicity from essentially nontoxic, 250 and 252, to

moderately toxile, 249 and 251.
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Table 15. Mouse intraperitoneal LD
octanes

50 values for blcyclo-

Compound Ip LD50 (mg/kg)

214 260
217 270
218 28
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Table 15. (Continued)

Compound Ip LD50 (mg/kg)
/0
229 x—-p\’ R X =0 CHg 322
0

230 3 CH, 342
231 2 C.H 1.1%

231 P 2'5 '
a

232 0 C,Hs 1.0
a

233 S C,H; 1.1
Q/ - a
234 p n-C.H, 0.39
235 0 n-C.H, 0.38%
236 S n-CoH, 0 792
0 _C_H a
237 p 1-C;H, 0.22
0 _ a
238 1-CH, 0.18
3 - -2
239 S 1-Csit, 0.26

2UQ 0 n—CuH9 1.5

241 0 n-CgHyy 37

aThese values were determined in reference 130.
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Table 15. (Continued)

Compound Ip LD50 (mg/kg)
242 0 n-CH, 5 500
243 0 Cetls 1.5
24y 2p CH,,0H >500%
245 0 CH.,OH >500%
246 S CH,OH >500%
247 0 C(0)CH, 51
248 0 C(OH) (CH;), 25-50
249 0 NO, 9.5%
250 0 NH,, >500
251 0 N(CH,), 3.0
252 0 N(CH;) €1 >500
253 RLﬁng;—>>__R R' =H R = CH, >500

\0_‘:/
254 H C.H 95

275
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Table 15. (Continued)

Compound Ip LD50 (mg/kg)
255 H n-C,H, 23
256 H 1—C3H7 12
257 H n-CyHy 220
258 CH,  CH, >500
233 CHy  C,H; >500
260 CH,  n~C.H, 85
261 CHy  1-C.H, 42
262 CHy  n-CyHy 250
263 CH,  n-CcH 5 >500
264 CH,  CH,Br 390
265 C2H5 CH3 >5C0
266 CHy  CH, 500
267 CoHy  n-CjH,  >500
268 n-C_H, CH, >500
269 n-C.H, C,H, 420
270 n—C3H7 n—C3H7 29
271 i-C,H, CH >500
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Table 15, (Continued)

Compound Ip LD50 (mg/kg)
272 i-C3H7 02H5 350
273 1-C,H, n-C.H,  >500
274 1-CH., 1-CiH, 500
275 n~C,Hg CH 295
276 n~C Hg C,H, 22
g_l (ClCH2)3C CH3 525

Wt
278 ~Q _ >500
0 0
0,
/ \
23 0=P\/ 0 e, 00 \g ,/P=o >500
—v, 0
/0—-—\ 0““\ /—'“Q\ /G
280 0 >< \ >500
—_— OP
2 O/POCH ﬁ;?P
281 Sb/o C.H >500

O/ o
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Tatle 15, (Continued)

Compound Ip LD50 (mg/kg)

282 s~ 0 n-C.H 250 mg
%

,0
Z-——\\ 1742

/ \ a
284 0=p/(\/ 0 189

>500

lm
o

N

>

&

\ o
O/L:
S

»)

x

287 250-500



Table 15. (Continued)
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Compound Ip LD50 (mg/kg)
H
288 M 510
%
AN
289 ”/\j >500
290 E? >500
0
B—?CGM
291 e 31—0, 0.22
| >
\
\
L-_N
[
"4
2 0.24
292 KN\SO
| 2
N. N
/ ~
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It is evident that the mouse toxicity of Y-P(OCH C-R

2)3
compounds is greatly influenced by the size of the R-
substituent. Sufficient data are available in the
O=P(OCH2)3C-R series for structure-toxicity regression
analysis, using those compounds with well-defined LD50
values. The toxicity (log 1/LD50) correlates well with the
van der Waals volume of the R-group, provided it is
hydrophobic in nature such as the alkyl, phenyl and nitro
groups. This relationship is shown in Figure 9 where

158

Jr = VR/VCH and VR and VCH are the van der Waals volumes

of the subs%ituent and meth§1 group, respectively. However,
the results for compounds with hydrophilic groups such as
acetyl, hydroxymethyl, amino, or dimethylamino groups
deviate significantly from the plot in Figure 9. The use of

h g}
T, 222 J T N L T I L7 O VR T
—rUygdva LYULUVUPDHUVULDALCL VY palialilcucTl i e wLlull

Ta ~

the llausch tne
van der Waals volume did not yield a satisfactory correlation.
This may be due to the fact that the 1 of hydrophobic groups
is directly related to their volume while that of hydrophilic
groups 1s not. For this reason the specific hydrophobicity
factor, ns = 1/Vr, was introduced. With this factor
satisfactory correlation with both hydrophilic and hydro-
phobic groups was achieved as can be seen from Table 16.

These results indicate that the optimal size (van der vaals

volume) of the R-group is 33.97 cm3/mole (Vr = 2.48).



Figure 9. Correlation of mouse toxicilty (log l/LDSO)
with selected properties of the R

substituent in O=P(OCH2)3C~R compounds

O = Hydrophobic group

@ = Hydrophilic group
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Table 16.

Regresslion analysis of structure-mouse toxlcity
relationshilp for OP(OCH2)3C-Z compounds

Compound Z vrd nsb L8 l/LDSO

Obs. Calcd.
229 CH3 1.00 0.52 -1.51 -1.15
232 C2H5 1.75 0.55 0.00 0.02
235 n-C;H,  2.50 0.57 0.42 0.42
238 1-C.H,  2.50 0.56 0.74 0.40
2lo n-CyHy  3.23 0.59 -0.18 0.09
241 _Q—C5H11 3.99 0.54 -1.57 -1.15
242 n-CeH, . 4.74 0.53 -2.70 ~3.04
243 CgHs 3.35 0.56 -0.18 -0.10
247 C(O)CH3 1.86 -0.20 -1.71 -1.49
gﬂg NO2 1.23 0.20 -0.98 -1.41
251 N(CH3)2 2.32 0.043 -0.48 -0.73

aRelative volume of Z calculated as Vr = VZ/V

VZ and VCH

3

CH3

where

are the van der Waals volumes of Z and CH3,

respectively.

b. Cas - I N
Speciflc hydrophobicity parameter cal

Ts = 7/Vr,

U
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Replacement of phosphorus with carbon at the brldgehead
of the blcycllic system in the second group of compounds,
253-277, always yields compounds of greatly reduced texicity.
The optimal R-substituent agaln appears to be the isopropyl
group for orthoformates and orthoacetates, H-C(OCH2)3C-R and
CH3-C(OCH2)3C-R. Toxlcity was found to decrease 1n the order
H>CH3>C2H5 for the R' substituent. This trend is not
entirely clear because of the relatively high toxlcity found
for R' = R = n-propyl, 270, and R' = n-butyl, R = ethyl, 276.
More compounds may be needed to explain thils discrepancy.

The last grouping of test compounds (214, 217, 218 and

278-ggg) include many differing structural shapes and
chemical compositions. The parent hydrocarbon, 287, of the
blcyclics tested 1s of only moderate toxicity as are the

- < ' ~ . .. ~ h . (o] m - - m o~
phosphatrane derivatives., 214, 217 and 2lo. None of these

caused the characteristic symptoms (see below) of the more
toxic substances. Bilcyclic compounds of nearly the same
slze but different shape, §§§f§293 were essentlally inactive
as were the polybilcyclic compounds 278-280. Changing the

phosphorus atom to an antimony atom, 281 and 282, resulted

in detoxification (these compounds were administered as
subspensions rather than solutlons). Moderate toxilcity was

found for the diphospha cage compounds, 283 and 2814,

Replacement of all oxygens with sulfurs, 285, also reduces

the toxicity. The unstable acyl bicyclic phosphate, 286,
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is not toxic. Two compounds, 291 and 292, known to be toxic

were also tested for comparison purposes.
Symptoms of Poisoned Mice

The symptoms of poisoning by all compounds with mouse
ip LD50 values below 100 mg/kg shown in Table 15 (except
compound g;g) appear to be similar, if not identical to
each other. Thus, a dose at least twice that of the LD50
typically yields alternate contraction and relaxation of
muscles with severe flexion Jerks of the hind legs initiated
one to five minutes after injection. The convulsions appear
with increasing intensity until generalized motor seizure
occurs, culminating in death in three minutes to one hour.
Death occurs more rapidly at higher doses. Petajan et gl.136
reported that the electroencephalogram of a poisoned rat
showed high amplitude spike discharges well before any

visible muscular flexions. Postmortem examination showed no

gross pathology in all organs except for the lungs in which
. 136,138 .
scattered hemorrhaging was evident. Similar symptom-
ology is evident for mice treated intraperitoneally with
lethal doses of bicuculline, picrotoxin and pentylene-

tetrazol, but not with strychnine.
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0
NG N\
CH3
OH
/
Bicuculline 0
_—
"N \\
N
\\N/
N
Pentylenetetrazol Strychnine

Pretreatment of mice with elther of two agents was found

to decrease the toxicity of the convulsants. The effect was

los in magnitude and compound dependent with piperonyl

butoxide but quite dramatic for all compounds with sodium

Na+_
0 N 0
l/0 P CHH0C,H40C,H,0C ,Hg C2H5j/
0 X l CH c Hl\"/N\H
37 65 0

Piperonyl butoxide Sodium phenobarbitol
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central nervous system poisoning, 5,5-dlphenylhydantoin,
atropline sulfate and 2-pyridinealoxime methyl methane-

sulfonate, were ineffective as antidotes.

CH
~—"3
|
C.H
6.5 o
"y ‘*
C6H5
0 H\ﬁ C CH. O
C6 5 2 .
5,5-Diphenylhydantoin Atropine sulfate
~
| ﬁ
\\\ PN 7 0—-¢ ChHa
Y "
. 0
LN

2-Pyrldinealoxime methylmethanesulfonate

Acute Toxicity with Other Specles

The toxic effects of only the more toxlc compounds
studied were investigated with other species. With either
hens or chicks, the acute 1ip LD50 values were 1.0 and 0.2
mg/kg, respectively, for 232 and‘gig. Three orthocarboxylic

acld esters (260, 261 and 276) administered to chicks at
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thelr mouse ip LD50 doses produced severe convulslve
selzures, but the chicks recovered completely within three
hours and showed no delayed effects.

Frogs injected with 238 or 292 produced convulsions
and death in one to two hours (LD50 for both was 0.3 mg/kg).
A survey of various insects and mites revealed no
species sensitive to 232. The American cockroach, however,

~gave an LD50 of %100 ug/g.
Subacute Toxic Effects

Subacute toxicity studies with mice showed no mortality
or slgnificant welght differences compared with control
animals using 232 or 238. At the end of these observations

the mice were normal 1ln respect to thelr susceptibility to

— A £ 41
dose of the test compound. Thelr welghts and the

£
W

gross appearance of thelr organs (brain, kidney, liver and
spleen) were also normal.

Subacute toxiclity studles with mature hens showed
neither accumulative nor delayed effects with elther 232 or
238,

Embryos of chicken eggs injected with ggg developed
normally, but on hatching the weight of the chicks was
reduced and there was a 33-100% incidence of fusion of leg
joints from which the chicks did not recover during the

observatlon period. Higher doses of these compounds
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markedly reduced the hatch and produced 100% incidence of
leg defects in the chicks. Other biecyclic compounds, 245,

249 and 258, failed to manifest this syndrome.
Action on Muscle and Nerve Tissue

Beef heart cyclic AMP phosphodiesterase 1s not sensitive

to inhibition or stimulation by compounds 232, 238, 245 or

249.

Isolated mouse diaphram muscle tissue was induced to
twitch rapldly on exposure to 238. Compound 292 also caused
twltching while twenty-four other compounds were lnactive,

229-233, 235, 239, 249, 254, 259-261, 264, 276, 282-285,

289, 291, bicuculline, picrotoxin and strychnine.

American cockroaches responded with an increase 1in

4]

aniiv
pik

D
I

reauency of the abdominal nerve whnen injected with

t

an LD50 dose of ggg. Sectloning of the motor neurons
Innervating the legs completely abolished the compound-
induced twitching activity. Symptoms were observed to be
undiminished if the animals were decapitated and sectioned,
providing that the ganglionic innervation of the 1imb
muscles was left Intact.

The 1isclated abdominal nerve cord of the crayfish
responds to g§§ with an increase in splke frequency and the
appearance of large Intensity spikes. Solutions of 232

produced a similar but smaller response,
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Metabolism of Bicycllic Phosphorus Compounds

Incubation of compounds 231, 232 and 233 with mcuse

liver microsomes and the oxldase cofactor NADPH dld not cause
any change in the phosphate and phosphorothionate. The

result was no different without NADPH. The phosphlte, though,
was more than 50% metabolized in one hour to the phosphate.
This oxidation did not occur without both the microsomes and

NADPH present.
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DISCUSSION

Three features appear to contribute to the high toxiclty
demonstrated by the compounds examined in this study. For
optimal activity the compound must have a highly symmetrical
cage structure (bicyclo[2.2.2]Joctane in this study), a
hydrophobic substituent of critical size and shape at the
relatively positive end of the dipolar molecule and strong
molecular dipole moment.

Variations of the bicyclo[2.2.2]octane shape, demon-
strated by compounds'g§§4ggg resulted in the disappearance
of nearly all activity while the parent hydrocarbon, ggz, by
contrast, 1s more toxic than would be expected for a pure
hydrocarbon. The low LD50 values for compounds 291 and 292
indicate that the "football" shape of the bilecyclo[2.2.2]-
octanes 1s not a necessary structure if 1t assumed that
these compounds act at the same site. However, the high
degree of symmetry found 1n each of these cage compounds
appears to be a requlrement for toxiclty.

Regression analysis of the structure-toxicity data for
O=P(OCH2)3C-R compounds showed the optimal slze of the R-
group to be about 34 cm3/mole (about the van der Waals
volume of a propyl group). The higher toxlcitiles of alkyl
groups also indicate that the R group should have hydrophobic

character. Similar trends are evident for Y~P(OCH2)30-R,
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Y = 1p or S, and R'—C(OCH2)3C-R, but there were insufficient
data for regression analysis.

Changlng thé chemical composition of compound g;g by
replacing phosphorus with carbon (253-277) or antimony (281-
282), replacing the oxygens with sulfurs (285), or adding
another phosphorus atom (283, 284) resulted in a decrease
in activity. A common factor in each of these variations 1s
a decrease in the overall dipole moment of the molecule.
Caged hydrocarbon substituted orthoesters (2.7-3.2 D),
phosphites (3.8-4.1 D), phosphates and phosphorothionates
of the bileyclo[2.2.2]octane-type possess dipole moments
roughly twice as large as thelr acyclic analogs. (This 1s
due to the constraint of the bond moments and lone pair

vector moments so that they lie along the axis of the
+160-162

cage. )
These features apply only partially to the other cage

compounds, 214, 217, 218 and 291-292, studled. The shape

requirements mentioned above apply to these substances while
the desired alkyl substituent 1s not present. The molecular
dipole factor appears to be included in these compounds,
however. The assumption that all of the compounds studied
act at the same site may not be valid since the structurally
very different bicuculline, plcrotoxin, and pentylenetetrazol
also produce the same symptoms of polsoning at the equivalent

.
dosages.lGD
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Previous speculationl30

about metabolic actlvation of
the phosphorus compounds prior to polsoning has been proven
partially wrong. Only the oxldation of the phosphite form
to the phosphate form appears to take place. The phos-
phorothionate form remains unchanged as does the phosphate

form. The expected microsomal oxidation164

of the 4-alkyl
subscltuent to a 4-C(0)-R or 4-CH(O)H)-R substituent was not
observed. Silnce these oxldized derivatives, for example
247 and 248, are much less toxlc than the parent compounds,
such an oxldation would constitute a detoxiflcation rather
than an activation mechanism. Another metabolic pathway
would be the oxidation of the cage methylene group, OCH2,

to the cyclic anhydride, OC(0O), but agaln this derivative,
§§, was not toxiec, acting instead as an acylatlng agent.

The subacute toxiclty studles 1indicate that there are
no accumulative or delayed effects; the compounds being
detoxified by some presently unknown metabolic process.
Also, there were no tolerances to the toxicants built up
during the studies.

The possible involvement of c¢-AMP in the mode of action

for these compounds130

appears to be ruled out by the lack
of any activity of the phosphorus cages toward c-AMP
phosphodiesterase. The toxicity of the bieyclic crthoesters
provides even stronger evldence against this hypothesils since

there is no phosphorus present 1In these compounds.
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Ion trapping by the cage compounds as a mode of action
must also be ruled out. These blcyclic structures do not
possess a large enough cavity to trap Ca++, K+ or Na+ ions.
Although the phosphorus compounds have important metal

ligating properties,l31

the noncoordinating orthoesters
produce the same symptoms of poilsoning.

The trioxabicyclo[2.2.2]octanes appear to act in the
central nervous system (CNS) of vertebrates, primarily in
the brain and possibly in the brain stem. Several other
CNS stimulants, bicuculline, picrotoxin and pentylene-
tetrazol, produce similar polsoning symptoms and have
similar interaction with barbiturates.l63 These natural
product toxins are thought to antagonize the inhibitory
neuronal function of the amino acids, glycine, y-amino-

it n A S AaDA Y A 4
uuvyL L av.Lu \unuony “wov

EN ~
v y Gl

Interestingly, shortly after this present work was

published,lu2 a

evidence166 that the bicyclic phosphorus esters were

groub of British sclentists presented

involved 1n GABA antagonism. This included GABA's depressant
action on single neurons in the rat brain and its depolar-
ising action on isolated rat superior cervical ganglion.

Also reported was a close correspondence of the LD50 values
with the concentrations which both bicuculline and 238 and
picrotoxin and 232 antagonized GABA, further supporting this

mode of action as probably belng the correct one.
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SUMMARY

Several 2,6,7-trioxabicyclo[2.2.2]octanes have been

screened for toxicity and mouse LD., values range from

50
greater than 500 mg/kg to a low of 0.2 mg/kg. The most
toxic members of thils serles suggested that three factors
were 1mportant for toxlclty, the symmetrical shape of
bleyelo[2.2.2]octanes, a substituent at the U-position of
the cage about the size of an isopropyl or propyl group
and a substantial dipole moment for the molecule.

The compounds were central nervous system stlmulants
which cause tonlc-clonic seizures in lethal doses. There
were no accumulatlive actions or delayed effects observed.
The mode of action appears to be much 1llke that of
bicuculline and plcrotoxin which antagonize inhibitory

neuronal mechanisms. The use of this type of compound

should be undertaken with caution.
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APPENDIXY

The only nuclel which have been reported to couple to

2 and 17O in molybdate ion.3 In

95’98Mo are 19F in MoF6
neither case were the two isotoplec couplings resolved. 1In
the Table are listed the first reported examples of
1J95’97Mo31P couplings for ten (OC)SMoL complexes. Because
I = 5/2 for each of these molybdenum isotopes and both are
of comparable abundance (95Mo, 15.72% and 97Mo, 9.46%,
respectively), the 31P nmr spectrum decoupled from other
nmr-active nuclel should consist of a main singlet with two
sets of satellites, each set being composed of six peaks of
equal intensity. Although the resolution of such sets of
satellites has been reported for lJ63’650u31P in
'{Cu[P(OMe)?]u}Clou,u 17111,1134431p 1n'{Cd12[P(g-Bu)3]2},5
ana 17172 95n31p 40 {snc1y[P(n-Bu),1,1,° for example, the
closeness of the magnetic moments for Pmo (-0.9099) and
9MMo (-0.9290), and the breadth of the satellite peaks
(20 Hz at half height in the best cases) preclude resolution
of the satellite sets which are expected to differ in J
value by onky 3 to 6 Hz in this coupling range. In the
Figure 1s shown a 31P spectrum of (OC)SMOPF3 which shows a
quartet of satellite sets owing to 19F—31P coupling.

It has been observed with other metals such as 183W,6’7
199%g,% ana 199948 that the absolute values of the metal-Slp

couplings rise with the electronegativity of the phosphorus
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substituents of the coordinated anionic ligands. As was

found earlier by us for lJ183W31P in (OC)5WL complexes using

a similar set of 1igandsb’( 1J95’97Mo3lP rises linearly
(correlation coefficient > 0.98) with the phosphorus

substituent atom electronegativity using the Allred-Rochow,

Sanderson or Pauling scales.

A few years ago it was determined that the sign cf

lJ183W31

P 1s positive in (0OC) WPMe Ph? thus making it

2
probable that this coupling is positive in all such
complexes. Because of the similar trend of 1J95’97Mo31P

and 13183y31p with electronegativity, it is likely that the
former coupling 1s negative since the magnetogyric ratios

of 95’97Mo and 183w are of opposite sign. The larger reduced

l83W-—31P couplings for a given ligand can be attributed to

L P . BT [P S ~
LIIE lcicadcu llagliilrvuuc v

with rising atomic number of the acceptor atom.1 The
183W=31P spin-spin interaction also appears to be somewhat
more sensitive to the electronegativity of the phosphorus
ligand since the slopes of these plots (1.63 to 1.98 x 102)
are larger than those for the 96’97Mo—3lP couplings (0.99 to

1.11 x 10°).

The complexes were made by literature methods (L = PFq;ll

P(Cly)4 and P(C6H5)(CH3)212 and the remaining ligands®J).
31

P nmr spectra were obtaliied onn a Bruker HX-90 spectrometer

operating at 36.434 MHz in the FT mode with white noise
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proton decoupling in all cases except where L = PF3.
Typlcally 6000-8000 scans were required to observe the
95’97Mo satellites with a sample of 200-300 mg. Except

where indicated, the spectra were obtalned 1n dl-chloroform.



173

Table 1. 31P nmr data for (OC)BMoL complexes

L s31p 179552Tyo31p
(x0.1 ppm) (Hz)2
PF3b ~147.2 284(2)
P(OPh)3 -154.3 231(2)
P(OCH2)3CEt ~-137.3 226(1)
P(OMe)Bc -161.1 - 216(1)
P(OEt)3c -155.9 214(1)
PPh(OMe)2 -176.6 183(2)
PPh,, (Oe) ¢ -145.5 142(10)
PPh3d - 37.5 124(10)
P(NMe, ), -145.4 173(1)
PPhMe,, - 15.4 133(4)
aEstimated uncertainties appear in parentheses.
bTaken in d6-benzene.
®Taken on neat liquid using d6-acetone as an internal
lock.
dThe relatively large uncertainty 1s due to overlap of
the satellitc members.



Figure 1. 31P nmr specirum of (OC)SMoPF3 showing the

satellite peaks due to 95’97Mo isotopes
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