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1
INTRODUCTION

This thesis is divided into five main parﬁs for purposes
of organization and clarity. The first four sections each
deal with a different polycyclic phosphorus ligand, while the
last. section considers the dipole moments of thesé“and other
polycycles that have been prépared by Verkade and co-workers.
The polycyclic compounds studied in this thesis are of two
general types. One set has the bicyclo [2.2,2] octane

structure, while the other the adamantane structure. Three

v v 7y
/ Y
x\\:(/R
X=P, ¥Y=0 ” X =P, Y =0
X=P, ¥Y=85 - X =P, Y = CH
X =N, Y= CH
X =As, Y =8

sections of this thesis are concerned mainly with the synthesis
and characterization of various new polycycles. Time did not

permit an investigation of their complexing properties.



A STUDY OF THE SYNTHESIS OF 1-PHOSPHAADAMANTANE

In 1952, Stetter and Steinacker (1) reported the prep-
aration of l-phospha-2,8,9-trioxa-adamantane, P(OCH)3(CHp)3,
and eight years later, Verkade and Reynolds (2) reported the
synthesis of U4-methyl-2,6,7-trioxa-l-phosphabicyclo [2.2.2]
octane, P(OCH2)3CCH3. Verkade and Piper later reported a
study of the use of P(OCH2)3CCH3 as a ligand toward metal ions
(3,4), and the properties of P(OCH)3(CHp)3 and P(OCHp)3CCHg as
Lewis bases toward Group III acids were reported by Heitsch and
Verkade (5,6,7,8). The transition metal complexes of
P(OCH)B(CH2)3 were reported by Huttemann in a doctoral dis-
sertation (9) and the complexes of P(OCH)B(CH2)3 and P(OCH2)3
CCHy with cobalt(III), cobalt(I), nickel(II) and nickel(0)
appeared in 1965 (10,11). In a doctoral diséertation (12)
Hendricker described‘the metal carbonyl complexes which were
subsequently reported in the literature (13,14). The general
results of the above investigations are that crystalline metal
complexes can be isolated, many of which exhibit maximum co-
ordination numbers for the metal with only polycyclic phosphite
ligands in the coordination sphere. :

From the ultraviolet spectra of complexes of thé form
[ CoLg) (C10y)3 (where L = P(OCH),(CH,); and P(OCHp)3CCH3) Dg
values of 3320 em~1 and 3350 cm~1 were calculated for

P(OCH,)3CCHg (4) and P(OCH)3(CH2)3 (10), respectively, which



| compares well with 3350 em~y obtained for Co(CN)5'3, indicating
the presence of a strong octahedral field. The probabllity of
d-pi-d-pi bonding was invoked to explain the unusually large
ligand field strength P(OCH)3(CH2)3 and P(OCH2)3CCH3. Further-
more in the metal carbonyl work (13,14), the possibility of
dative pi-bonding from the metal d orbitals to the phosphorus

d orbitals was mentioned. Such pi-bonding could explain the
high CO stretching frequencies in these compounds. A method of
determining the possible presence or extent of pi-bonding in
these compounds might entail a study of similar coordination
compounds using a phosphine analogous in structure P(OCH)3(CH2)3
or P(OCH2)3CCH3. Such a ligand Would be l-phosphaadamantane,
P(CHoCH)3(CHp)3. Because of the difference in electronegativity
of oxygen and carbon, P(CHQCH)3(CH2)3 should be a better Lewis
base than P(OCH)3(CHy)3. However, when considering pi-bonding
or back donation of electrons from a transition metal to the d
orbitals on phosphorus, P(OCH)3(CH2)3 should pi-bond more
strongly than P(CHQCH)S(CH2)3 because of thewsuperior electron
. withdrawing power of oxygen. Of particular interest would be
the synthesis of metal carbonyl complexes and a study of their
CO, MC, and MP stretching frequencies in the infrared region,
Attempts at isolating the phosphine analogous to P(OCH2)360H3,
l-phosphabicyclo [2.2.2] octane, have been the subject of three
theses (15,16,17). Lukes and Galik (18) synthesized l-aza-

adamantane by the reaction of 1,3,5-tris(bromomethyl)cyclohexane
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with ammonia and their procedures were used to prepare the
intermediates used in the attempted preparations of

P(CHoCH)3(CH2)3 described in this thesis.

Experimental

Hexahydromesicerol, 1,3,5-(HOCHp)3CgHg - This compound was

prepared from triethylhexahydrotrimesate by a method previously

described. (18)
1,3,5-Tris(bromomethyl)cyclohexane, 1,3,5~(BrCHp)3Cclg - This

compound was prepared from 1,3,5-(HOCH2)3C6Hg by a method
previously described. (18)
1,3,5-Tris(iodomethyl )cyclohexane, 1,3,5-(ICH2)3C6H9 - 20 g of

1,3,5-(BrCHp)sCgHg and 37 g of Nal were refluxed in 200 ml of
2-butanone for 48 hr. The solvent was removed under reduced
pressure and water was added to dissolve the solid which formed.
After the aqueous phase was extracted with benzene, the benzene
extract was washed with Na2S203, NaHCO3 and water, and dried
with MgSO). The benzene was removed under reduced pressure

and the oily residue was taken up in methanol. The crystals
which formed on cooling yielded 24 g (87%) of product (mp 87-
88°).

Trilithium phosphide, Li3P - This compound was prepared from

n-butyl lithium and phosphine by a method previously described.

(19) |
Sodium phosphide, NaPHp, - This material was prepared by a method

previously described. (15)



Tribenzyl phosphine, (C6H5CH2)3P ~- The preparation of this

compound has been outlined by Hinton and Manh. (20)

Phosphine Grignard, HP(MgBr)s - This compound was prepared by a

method previously described. (21)

Attempted preparations of l-phosphaadamatane

Nine different methods were used in attempting to prepare
this compound. First, following a procedure by Hinton and
Menn (20), an equivalent of tribenzyl phosphine dissolved in
ether was added to an ether solution of an equivalent each of
1,3,5-(BrCH2)3C6H9 and lithium aluminum hydride, and the
resulting solution refluxed for several hours. Water was added
to decompose the mixture and the ether phase was separated,
dried with Mgsoq and evaporated to give an intractable oil.

In thehgecond attémbt, the above tribromide was combined
with excess magnesium in dry ether. A drop of methyl iodide and
a strip of magnesium were combined in ether, and when reaction
commenced, the mixture was added to the above solution as an
initiator. After 24 hours of refluxing, the tribromide and the
magnesium were - recovered. The use of a higher boiling solvent
such as butyl ether, or the substitution of lithium for
magnesium gave similar results.

‘Third, equimolar quantities of Li3P and l,3,5-(BrCH2)3C6H9
were mixed in ether at 0°. The mixture was allowed to warm up
to room temperature and then was refluxed for 24 hours. After

removing the ether no volatile material was obtained from



the residue. _

The fourth attempt consisted of the reaction of HP(MgBr), -
with 1;3;S-tris(bromomefhyl)cyclohexane in ether. Again
nothing resembling the desired product was obtained.

Fifth, a solution of sodium phosphide in iiquid ammonia
was added to an ether solution of the tribromide and stirred
for 1 hr. After removing the solvent, half of the benzene
extract of the residue was refluxed over sodium for 7 dayé,
whereas the benzene was removed under vacuum from the other
half., Both portions yielded only starting material.

Following the procedure of Angstadt (22) in the sixth
attempt, 1,3,5-tris(bromomethyl)cyclohexane, aluminum chloride
and white phosphorus in various ratios were mixed at -10° in
CSo. After sfirring 1 hr each mixture was allowed to come to
room temperature and refluxed for 2 hr, EVaporation of the
solvent yielded an intractable oil.

Seventh, hexahydromesicerol, red phosphorus and an excess
of iodine were placed in a sealed tube and heated to 150° with
‘explosive results.

In the eighth attempt 1,3,5-tris(iodomethyl)cyclohexane
and a large excess of red phosphorus were placed in a sealed
tube and heated slowly to 200°. Only a small amount of PH)T
was obtained.

In the ninth experiment, another attempt at making the

lithium salt of 1,3,5-tris(iodomethyl)cyclohexane consisted of



stirring n-butyl lithium, sodium and the triiodide in hexane

for 48 hr. Only starting material was recovered.

Discussion

The inertness of the 1,3,5-(BrCHp)3CgHg, and 1,3,5-
(ICHp)3CgHg to reagents such as magnesium, lithium, sodium
phosphide and n-butyl lithium in the presence of sodium may
lie partially in the fact that none of these reactions is
homogeneous., The reaction of the triol, 1,3,5-(HOCH2)C6H9, and
the triiodide,‘ 1,3, 5-(ICH2)3C6H9, with red phosphorus in a
sealed tube were possibly thwarted by the fact that trialkyl
phosphines are apparently unstable at elevated temperatures-(23).
Only tars were obtained even though a part of the sealed tube
was cooled in order to condense any volatile materials.

The failure of cyclization to occur with reagents such as
tribenzyl phosbhine, trilithium phosphide, and aluminum chloride
and white phosphorugmcan perhaps be explained on two grounds.
First, compounds 1,3,5-(HOCH2)3C6H9, l,3,5-(BrCH2)3C6H9 and
1,3,5-(ICH2)306H9 most likely exist with their three functional
groups lying in the equatorial plane of the c¢yclohexane ring.
In order for cycliz:tion to occur the ring must flip so that
the three functional groups will be in the axial position. It
is possible that the rate of flipping is slow relative to the
rate of intermolecular reaction. Secondly, the C-P-C bond

angles in trialkyl phosphines are closer to 90° than 109°.



Thus in forming a polycyclic phosphine of this type the P-C-C
bond angles will be strained by forming angles larger than 109°,
In polycyclic phosphites the oxygen atoms act as a buffer
between the small 0-P-0 angles, thus the strain is reduced.
This‘*is substaﬁtiated by the observation that the P-0-C angles
can be 114° (24). This. argument may also account for thé .

inability of

O

o— 0

114° 114°

0-

various workers (15,16,17) to prepare the analogous l-

phosphabicyclo [2.2.2] octane.

Suggestions for Future Work
From what has Jjust been said and in the light of the other
investigations.directed toward the preparation of bicyclic
mono-phosphines further work in this field might seem un-
Justified. It recently has come to our attention that J. K.
Stille at the University of Iowa has prepared (CH2CH2)PH from
sodium phosphide and l,2-dichloroethane in liquid ammonia. It

might prove fruitful to,investigate this reaction, especially



as a method of preparing l-phosphabicyclo [ 2.2.2 Joctane from

(BrCHpCHp ) 3CCHs.
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FAR INFRARED STUDIES ON METAL CARBONYL COMPLEXES OF
4-METHYL-2,6,7-TRIOXA-1-PHOSPHABICYCIO [2.2.2] OCTANE .

In recent years, double-beam grating spectrometers and
inﬁerferometers have been developed which are capable of
extending the usual low=-frequency cut off in most infrared
spectrometers from 400 em=l down to 200 em~l and in some cases
down to 50 cn™t., This extension has opened new flelds of
investigation to chemists, namely the study of metal-oxygen,
metal-nitrogen, metal-sulfur, metal-phosphorus and metal-
halogen stretcﬁing frequencies as well as low frequency bending
modes such as &(M-C-0), 8(M-C-N) and 6(C-M-C) vibrations in
metal carbonyls, metal cyanides and their derivatives. Thus
aitremendous amount of information is becoming available which
can be related to the strength of metal-ligand bonds in
inorganic compleies.

Although the infrared modes associated with a ligand of
the type P(OR)3 in a complex will bé more numerous andléompli-
cated than those of PF3, for example, complexes containing a
constrained ligand such as P(OCH2)3CCH3 are more amenable to an
infrared study since fewer bands are expected on symmefry
grounds. Because the nature of the phosphorus-metal bond is
of particular interest in the study of phosphorus complexes,
efforts were made to assign the y(M-P) vibration in the far
infrared spectra (70-800 cm'l) of thirteen metal carbonyl
complexes of P(OCHp)3CCH3 of the forms Ni(C0), . L (x = 1,2,3,4),
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= i 1 L (x=1,2
Fe(CO)S_xLx (x = 1,2), and cis and trans M(CO)6_X 5 ( >
and M = Cr, Mo and W). The three cis- bis(phosphite)
tetracarbonyl complexes of Cr, Mo, and W as well as cis-

Cr(C0)y(As(0CH,)

Cr, Mo, and W complexes (used for spectral comparison with the

CCH3)2 and the quinuclidine pentacarbonyl

phosphite complexes) are new and their syntheses are described.
Bands were also assigned as arising from ligand modes or
complex modes of the type v(M-C), 6(M-C-0), or 6(X-M-Y) where
Xand ¥Y=Cand C, C and P, C and N, and ? and P. Except in
the case of y(M-P), the assignment of the coordination complex
modes could not be rigorouéh%ecause of the observance of less
than the total number of expected bands in many cases and the
‘overlap of the v(M-C) and §(M-C-0) regions.

The location of the v(M-P) mode in the complexes of
P(OCH2)3CCH3 made it possible to compare its values with the
relatively few such assignments in complexes of PF3 and PR3
(where R = CH3, CoHg, and C6H5). Moreover, the opposite
trends in frequency for y(M-P) as carbonyl is substituted in
Ni(CO)y by PF3 and P(OCH2)3CCH3 could be compared and
correlated with the similarly opposite trends in p(C-0)
frequencies.

Finally, the discovery that two of the peaks in the CO
stretching region of cis~- M(CO)y(P(OCHp)3CCH3), reported
here were at the éame frequency as the two "extra® peéks in
the spectra of the analogous trans compounds attributed

previously (13) to the reduction of symmetry by the ligands
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led us to suspect the purity of trans compounds discussed
earlier (13). The trans isomers of these complexes where L -
is either P(OCHp)3CCH3 or P(OCH)3(CH2)3 (14) are shown to
indeed exhibit only one vV (C-0) band whereas the cis compounds

exhibit three.

Experimental

' The infrared spectra from 70-800 cem~1 were obtained on a
Beckman Model 1l grating spectrometer. In all cases Nujol mulls
between polyethylene plates were used with the exception of
the ligands which were dispersed in fused polyethylene. The
near infrared spectra were obtained on Beckman Models 8 and
12 grating spectrometeré. The carbon hydrogen contents of
the phosphite and arsenite complexes determined by coﬁbustion
and the carbon, hydrogen‘and nitrogen analysis of the amine
complexes carried out by Galbraith Laboratories, Inc,
Knoxville, Tennessee, are given in Table 1. |

Materials Nickel tetracarbonyl and iron pentacarbonyl
were purchased from A. D. MacKay, Inc, chromium and tungsten
hexacarbonyl were purchased from Pressure Chemical Co,(and 4.
hydroxyethylpiperidine was purchased from Reilly Tar and Chemi-
cal Co. The ligands P(OCH2)3CCH3 (25), P(OCH)3(0H2)3 (25) and
As(0CH, )5

Chromium norbornadiene tetracarbonyl (26), molybdenum

CCH3 (2) were prepared by methods described previously.

norbornadiene tetracarbonyl (27), and tungsten 1,5-cycloocta-



13

'diene tetracarbonyl (28) were also prepared as described

elsewhere,

Quinuclidine A modification of Brown's procedure

(29) was used to convert 4-hydroxyethylpiperidine to
quinuclidine hydrochloride. A mixture of 12.5 g of |
quinuclidine hydrochloride and 25 g of KOH pellets was fused
under vacuum and the volatile products collected in a bry Ice=~
isopropanol trap. The quinuclidine was sublimed three timesA
in the presence of sodium. A yield of 7.8 g (84%) of product
melting at 161° was realized.

Transition metal carbonyl complexes Two general

mgthods were used to prepare the complexes. Method A, which
was used to prepare trans- Cr(C0)y(P(OCH,)3CCHs), , trans-
Cr(CO)y(P(OCH)3(CHp)3)p » trans- W(CO),(P(OCH);(CHy)5), and
the quinuclidine complexes, consisted of irradiating with
ultraviolet light (Hanovia Lamp 654-A10) a methylcyclohexane
solution of the appropriate'ligand'and hexacarbonyl in a
guartz tube, under a nitrogen atmosphere. The mixture was
then filtered and the solvent removed under vacuum. The solid
yellow guinuclidine complexes were recrystallized from
pentane to give yellow needles. ‘The products obtained from the
reaction of the polyecyclic phosphites with metal carbonyls
generally consisted of a mixture of the cis and trans isomers.
Small amounts of the pure trans isomer could be obtained by

fractional crystallization from CH3CN. Better yields of the
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trans isomer were realized by employing chromatography to
separate the mixture. The compounds were separated on a ’
silica gel column with benzene. The mono-sﬁbstituted compound,
which was often present in small quantities and which moved
with the solvent front, was followed closely by the trans
isomer. Because the cis isomer_moved rather slowly it was
best removed from the‘column by eluting with CHoClo.

Method B was used to prepare all the gig disubstituted
complexes and trans- Mo(CO)q(P(OCH)s(CH2)3)2 and consisted
of stirring a methylcyclohexane solution of the appropriate
ligand with chromium norbornadiene tetracarbonyl, molybdenum
norbornadiene tetracarbonyl, or tungsten 1l,5-cyclooctadiene
tetracarbonyl for the cis complexes and with molybdenum
hexacarbonyl for the trans molybdenum complex. In each case
the solid was filtered off, washed with pentane and re-
erystallized from CH3CN. |

Table 2 lists the amount of hexacarbonyl or olefin-
substituted tetracérbonyl and ligand used, the reaction
temperature and time, and the percent yield for the preparation
. of these complexes. Complexes of the polycyclic ligands were
quite stable as solids but were slowly attacked by the
atmosphere and sunlight. Solutions of these complexes,

however, are stable only for a day or two, while those of

As(OCH253CCH3 and.N(CzH4)3CH decompose in several minutes.
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Discussion

Examination of the infrared spectra of the new cis-
bis(P(OCH2)300H3) tetracarbonyl chromium, molybdenum and
tungsten compounds in the carbonyl stretching region revealed
that the high frequency band and the shoulder on the very
strong main band (Table 2) seemed to be the same bands
which were observed with weaker intensities in the trans
isomers reported earlier (13). Although these "extra"' bands
in the trans isomers could be attributed to a lowering of
the Dyy, symmetry of the complex to Cl by the C3V symmetry of
the ligands as had been done by Cotton and Kraihanzel (30) in
the case of trans- Cr(CO)4(P(C6H5)3)2 , the reaction of
chromium hexacarbonyl with P(OCH2)3CCH3 was reinvestigated
and the products subjected to careful chromatography and
recrystallization of the fractions as described in the
experimental section. In Figure 1 are shown the infrared
spectra of trans- Cr(CO)4(P(OCH2)SCCH3)2 (a), cis- Cr(CO)y

(P(OCH2)3CCH b), a mixture of these two (c¢), and an

Jp
example of a spectrum reported previously (13) as trans-
Cr(CO)u(P(OCH2)3CCH3)2 (d). These absorptions show that the
trans compounds reported previously contained some cis isomer.
Subsequent attempts to répeat the preparation of the trans
isomers of the Mo and W complexes have been unsuccessful for

the most part. The spectra of the reaction products are

indicative of mostly cis isomer whereas spectra reported



Figure 1. The infrared spectra in the carbonyl region for (a) Eggggfcr(co)ﬁ
(P(OCH2)3CCH3)é; (b) eis-Cr(C0)y(P(OCH2)3CCH3)p, (c) a reaction mixture
containing cis- and ggggngr(CO)4(P(OCH2)3CCH3)2 and (4) the spectrum
of the compound previously reported as.3£§g§70r(co)A(P(OCH2)3CCH3)2.
(a), (b) and (c) were obtained in CHpClp solution, while (d) was ob-

i
tained as a KBr pellet (cm~1)
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earlier (13) were indicative of mostly trans product. Only on
one occasion was a very small quantity.of pure trans-W(CO)y
(P(OCH2)3CCH3)2 isolated, but this result could not be re-
peated. The spectrum is shown in Figure 2.

Because the infrared spectra of the analogous series of
trans complexes of the adamantane phosphite P(OCH)3(CHz)3 with
chromium, molybdenum, and tungsten were also previously re-
ported (14) to exhibit two similar weak bands in addition to
the main peak, it became necessary to synthesize the cis isomer
for spectral comparison. Again it is apparent that the com-
pounds assigned the trans configuration earlier (14) were
contaminated with cis product. It should be pointed out that
with P(OCH)3(CHp)3 it was possible to prepare pure trans isomers
for all three metals by the methods described earlier (14).
Values for y(C=0) are given in Table 3 for all six compounds.

It is not clear why the preparations of the EEéEE isomers
of bis(P(OCHp)3CCH3) tetracarbonyl molybdenum and tungsten
could not be repeated (except once in the case of tungsten) even
though reactions times and temperatures were varied .exten-
sively whereas with P(OCH)3(CHp)g no difficulties were en-
countered. It is possible that the trans P(OCH)3(CH2)3 isomers
of chromium, molybdenum and tungsten are more stable than the
analogous P(OCH2)3CCH3 compounds because of the more bulky
geometry and increased steric requirements of P(OCH)3(CH2)3.

It was noted, for instance, that ¢is-Cr(co)y(P(OCH)3 |

(CH2)3)2 readily converted to the trans isomer on heating in
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methyleyclohexane solution at 80°, and during attempted re-
crystallizations from CH3CN. In contraét, cis- M(CO)y(P(OCHp)3
CCH3)2 (M= Mo and W) may be the more stable isomer due to

the smaller steric requirements of the ligand. The apparent
stability of both isomers of the bis-(P(OCHp)3CCH3) complex of
chromium may be the result of the smaller size of the metal
compared to molybdenum and tungsten which would tend to increase
the stability of the frans isomer.

The infrared spectra of P(OCH2)3CCH3 and As(OCH2)3CCH3
are reproduced. in Figure 3. Quinuclidine has no absorptions
below 750 em™L with the exception of what might be a very weak
peak at about 340 em™l. The more complex spectra obtained for
P(OCH)3(CHp)3 and its complexes made the study of these
spectra above 300 cm-1 undesirable. Upon complexation the
spectrum of P(OCH2)3CCH3 is simplified to basically five peaks
which occur in the ranges: 650-680 cm=1 (vs), 500-520 cm~1(s)
(frequently accompanied by a weak peak or shoulder on the low
frequency side at 490-505 em~1l), L400-415 em~1 (m-w), 360-

385 em=1 (m-w) 200-275 cm~1 (w)s The spectrum of complexed
As(OCH2)3CCH3 is similar but consists of only four bands at
602 (vs), 481 (m), 381 (vs), and 298 em~1 (w). Table 4 con- E
tains the species of the molecular vibrations and the number
of infrared active bands to be expected for each type of
complex.

In Ni(C0)y, (31) Fe(CO)s, (32) Cr(CO)g and Mo(CO)¢ (33)

the metal-carbon stretching frequencies v (M-C) generally occur



. » ) T ' . . 4 v "'l
Figure 3. The far infrared spectra of P(OCHp)3CCH3 and As(OCH2)300H3 (em™+)
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at lower wavelengths than the metal-carbon-oxygen bending modes
6§ (M-C-0). Other studies of these regions indicate the range
observed for 6(M-C-0) is 450-680 cm™1 and that of v(M-C) is
340-475 em=1 (34,35,36,37). Because of the overlap of the
ranges for these modes, the observation that in most cases

the required number of §(M-C-0) and v(M-C) bands are not ob-
served, and the fact that significant coupling of these modes
may dccur, no attempt haé been made to assign absorptions in
this region to either of these vibrations. Some general
features of this region are wo;thy of comment, however. In
the majority of cases, most of the total number of required
bands are observed. Generally, the bands shift to lower
frequency for mono or disubstituted complexes progressing from
chromium to molybdenum to tungsten. This trend is also noted
in the hexacarbonyls of these metals (33). The positions of
the bands for the monosubstituted molybdenum carbohyls con=-
taining a phosphorus ligand seem to progress‘toward lower
frequencies with increasing electronegativity of the sub-
stituents on phosphorus. Thus from Table 5§ it can be seen that
P(OCHp)3CCH3 fits well into Bigorgne's series (36) of ligands
wherein these frequencies decrease in the order P(CgHs)z >
P(OCHp)3CCH3 > P(OCH3)3 >PCL2(0C2H5) > PCl3. The bands in this
region for the quinuclidine complexes are included in Table 5
to lend credence tp the values assigned to the v(M-C) and

§(M-C~0) bands of the P(OCH2)3CCH3 and As(OCH2)3CCH3 complexes
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since quinuclidine exhibits no bands in this region in contrast
to the bicyclic phosphite and arsenite. No band attributable”
to a metal-nitrogen stretching mode was observed in the spectra
of the quinuclidine complexes.

The assignments of the values for y(M-P) (143-157 cm-1)
for the P(OCH2)3CCH3 complexes of nickel were based on the
fact that the far infrared spectrum of  Ni(P(OCH,)3CCH3)y
consists of only six bands, five of which are assignable to
vibrational modes of the ligand, while the sixth at 157 cm~1
could be assigned as y(M-P). The compounds M(P(C6H5)3)2X2(39)
(where M = Zn, Cd, Hg and X = Cl, Br, I), which are iso-
electronic and undoubtedly isostructural with Ni(CO),
(P(OCH2)300H3)2, have metal-phosphorus stretches in the rangés
153-166 em~l for M = Zn; 133-136 em~l for M=Cd and 133-137 cml
and” 98-108 em™L for M = Hg. The similarity of the values for
the Zn compounds to those of Ni(CO)g(P(OCH2)3CCH3)2 is taken
as supporting evidence for our assignments of y(M-P).

The average of the metal-phésphorus stretching frequen-
cies taken from Table 6 for the nickel PFB complexes fo;m the,
decreasing series 262, 232, 235, 207 em~l from the mono to the
tetra substituted complex. The values for the analogous group
of P(OCH2)3CCH3 complexes are substantially lower and con- ‘
trastingly the average rises in the series 143, 150,'154,l
157 cmfl. The larger y(M-P) values for the PF3 complexes can
be attributed to the greater pi-bonding ability and smaller

mass of PF3. The opposite trends in y(M-P) on step-wise
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substitution of PF3 and P(OCH2)3CCH3 for CO can be accounted
for by the difference in the pi-bonding abilities of the two o
phosphorus ligands. It is generally agreed that PF3 is at
least as good a pi-bonding ligand as CO (40) and a better pi-
bonding ligand than a phosphite because of the higher electro-
negativity of fluorine compared to oxygen. Therefore, in
competing for metal electrons with CO, PF3 is expected to be
more proficient than P(0CHp)3CCH3. On substitution of the
second CO by PF3, the second PFg3 in effect forces the first

to release some of its pi-electron density since the metal
electron density liberated by the departing CO group is in=-
sufficient to satisfy the superibr pi-adcepting character of
the incoming PF3. The average metal-phosphorus pi-bonding
therefore decreases on continﬁed substitution. On the other
hand as CO groups are replaced by P(OCH2)3CCH3, the available
electron density on nickel is increased and thus the phosphorus
ligands are donated increasing electron density for pi-bonding
which results in increasing average v (M-P) values. - This
interpretation is also consistent with the décrease in the
average value of y (C~0) observed in the same series of
P(OCHp)3CCH3 complexes upon replacement of all but the last

CO group in Ni(co)q{ 2057, 2055, 2021, and 1997 cm~l. (41,13)
The increased metal electron density upon CO substitution de- .
creases the CO bond'order. It is also significant that there
is observed an initial increase in the average value of v(C-0)

from Ni(CO)y (2057 em~1) (41) to Ni(CO)3PF5 (2076 cm-1) (37)
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after which this value is almost constant. The force constants
calculated by Bigorgne (37) also show an initial increase of ’
17.18 to 17.27 mdyn/i on replacing the first CO with PF3-after
which these values are also constant. .The initial increase in
v(C-0) follows from the arguments given above for v(M-P) since
removal of metal electron density by the befter pi~acid PF3
allows an increase in the CO bond order. The constancy of
v(C-0) on further substitution may be ascribed to the possi-
bility that the first PF3 group has already reduced-the metal
electron density to such a minimum that pi-bonding among the
remaining CO groups is also at a minimum. Thus additional PF3
ligands are forced to share the pl electron density of PF3
groups in the complex.

For iron and the group VIb metals, the number of compounds
for which y(M-P) values have been measured are too few to see
any significant trends. The assignments of ¥M-P) values
listed in Table & for such complexes of P{OCH2)3CCH3 are made
reasonable by comparison of the spectra of cis- Cr(CO)y
(P(OCH,)3CCH3), and cis -(Cr(CO)y (As(OCH,)3CCH3), . In the

'l, which was

spectrum of the latter complex the band at 181 cm
assigned to v(M-P) in the phosphite complex, is conspicuously'
absent. As in the case of the nickel complekes, V(M-P) in-
creases from mono to disubstituted octahedral complexes. This
increase seems to be greéter when the ligands are trans as is

seen in the case of chromium. Further importance to this ob-

servation is given by the increase in y(M-P) from the cis to
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the trans complexes of the type M(CO)g(P(OCH)3(CH2)3)2 where
M = Cr, Mo, and W (Table 6), The assignments of v(M-P) in

the latter complexes are reasonable in that they are consistent
with the previously discussed assignments of V(M—P) and the
absence of other bands.in this region of the spectrum from 300

to 160 cm~l. The increase in y(M-P) from cis to trans

oriented phosphite ligands can be ascribed to two influences
acting in the same direction: (1) Because trans ligands share
tﬁo d-pi orbitals whereas cis ligands share only one, (30)
stronger metal-phosphorus pi-bonding might be expected to in-
crease v(M-P) in the trans isomers.  (2) Since CO groups are
very likely stronger pi-bonding ligands than phosphites, their
depleting effect on the pi-electron density available to :the
phosphite 1s expected to be greater when oriented trans to a
phosphite.

Other reports of y(M-P) (39,42;43544) values have dealt
mainly with Ni(II), P4A(II) and Pt(II) compounds of the form
(R3P)oMXp where R= CH3, CpHs, and CgHg and X = Cl, Br, I, NCS,
CN, CgHs, and SCH3. For P(CHg)3(43) complexes, v(M-P) values
fall in the range 341-377 cm~1, while the range for the
P(02H5)3(44) complexes is 409-441 em~l. The different ranges
reported by others and in this work is undoubtedly related to
variations in electronic and stereo-chemical configurations in
the complexes.

In transition metal carbonyls, (31,32,33,45)'carbon-

metal-carbon bending modes 6(C-M-C) generally occur below
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140 cm‘l. The bands listed in Table 7 which occur below -those
assigned to p(M-P) can be attributed to any or all of the -
following bending modes where appropriate: 6(C-M-C),

§(C-M~P), 6(C-M-N) and §(P-M-P). In most cases the expected
number of these bands listed in Table 4 are not observed and

no attempt was made to make specific assignments.

Suggestions for Future Work

Because there are so few metal-phosphorus stretching
frequencies for metal carbonyl complexes known, it should prove
very beneficial to study the far infrared spectra of a series
of carbonyl complexes where ligands of different electro-
" negativity can be used while not altering the steric
requirements oI these ligands significantly. Such a set of
ligands do exist and it has been shown that they do form
characterizable carbonyl complexes. In addition to the ligands
mentioned in the previous section there are P(OCH2)3P,
P(SCHp)3CCH3 and P(N(CH3)CHp)3CCHy whose carbonyl complexes
should be investigated with the aim of finding a correlation
between metal-phosphorus stretching frequencies and the

electronegativity of the groups bonded to the bhosphorus.
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Table 1. Analytical data

Carbon %

Hydrogen %
Compound Calcd. TFound Calcd. Found
§£§Q§~Cr(co)4(P(OCH2)3CCH3)2 36.54  36.33 | 3.94 3.90
cis-Cr(CO)y(P(OCHp)5CCH3) 36.54 36.01 3.94 L,o1
cis-Cr(C0O)y(As(0CH2)3CCH3 )2 30.65 30.13 3.37 3.29
cis-Mo(CO)y (P(OCH,)3CCHs ), 33.35 32.82 - 3.60 3.58
cis-W(CO)y(P(OCH2)3CCH3)2 28.40 28.36 3.06 3.00
trans-Cr(CO)y(P(OCH)3(CHy)3),  39.60  39.30 3.70  3.80
cis-Cr(COo)4(P(0CH)3(CHp)3)2 39.60 3.70
Egggg-Mo(00)4(P(OCH)3(CH2)3)2 36.30 36.60 3.30 3.60
ggg-Mo(00)4(P(OCH)3(CH2)3)2 36.30 3.30
trans-W(CO)y(P(OCH)3(CHp)3)2 31.10 31.90 2.90  2.90
cis-W(C0)y(P(OCH)3(CHp)3)p 31.10 2.90
Cr(CO )N (CoHy ) 3CH 4r.52  47.28 = 4,32 4.h1
Mo (CO ) gN(CoHy ) 3CHP 41.51 41,44 3.77  3.85
W(CO)5N(CoHy)3CH® 33.12 33.32 3.01 3.09
@Nitrogen % calcd.: L4.62 TFound: 4.46
PNitrogen % caled.: 4.03_ Found: 3.98
CNitrogen % calcd.: 3.22 TFound:

3.17



Table 2. Preparation of metal carbonyl complexes

Reaction
| M(00)s ox. ot “Tomp, OC.
Compound (¥(CO)y(aiene)),g Ligand,g (time,hr.) Yield, %

-Ezggﬁ-Cr(CO)4(P(OCH29300H3)2 1.00 1.70 55 (4) 50
cis-Cr(co)y(P(OCH)3CCHs) 5 (0.70) 0.90 25 (48) 95
cis-Cr(CO )y (As(OCH2)3CCHg)p (0.70) 1.10 25 (48) 90
Eig-Mo(00)4(P(00H2)3CCH3)2 | (0.60) 0.75 25 (2) 95
glg—W(CO)4(P(OCH2)3CCH3)2 (0.10) 0.10 80 (6) 85
trans-Cr(C0)y (P(OCH)3(CHy)3) 0 0.69 1.20 55 (4) b5
g;g-Cr(co)4(P(OCH)3(CH2)3)2 (0.37) 0.50 25 (36) 55
§£§g§fMo(co)u(P(OCH)3(CH2)3)2 0.37 0.50 136 (24) 85
cis-Mo (€0 )y (P(OCH)3(CHp)3)o (0.30) 0.35 25 (2) 90
trans-W(CO)y(P(OCH)3(CHp)3) 2 0.50 0.50 - - 55 (4) - 30
cis-W(C0),(P(OCH)5(CHp)3) o (0.30) 0.7k 80 (8) 80
Cr(co)S(N(céH4)3CH) ' 2.00 0.81 55 (12) 60
Mo (CO) 5 (N(CHy ) 3CH) . 2.00 0.68 55 (12) 55
W(C0)5(N(CoHy ) 3CH) 2.00 0.51 55 (12) 50,

Q<



Table 3.
region@d
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Infrared spectra of complexes in the metal carbonyl

Compound

C-0 Stretching

Frequency, cm=L

- trens-Cr(C0)y(P(0CHp)3CCHs )2
‘E;g-Cr(co)A(P(OCH2)3CCH3)2
c15-Cr(CO )y (As (OCHp)3CCH3) o
cis-Mo(CO)4(P(0CH)5CCHs) 2
Eié-w(co)4(P(OCH2)3CCH3)2
trans-Cr(C0)y(P(O0CH)3(CHa)3)2
cis-Cr(CO)y(P(OCH)5(CHy)3),
trans-Mo(CO )y (P(OCH)5(CHp)3)p
cis-Mo(C0)y(P(0CH)3(CHp)3)2
trans-W(C0)4(P(OCH)3(CHp)3)2
cis-W(CO)y(P(OCH)3(CHy)3)5 .
Cr(C0)5(N(CoHy)sCH)® ™~
Mo (CO) 5 (N(CoHy ) 3CH)P
W(C0)5(N(CoHy ) 3CH)®

1925 vs
1955 vs
1923 vs
1924 vs

1929 vs
1934 vs
1927 vs
1905 vs

1901 wvs
1900 vs

1915 vs©
1950 sh
1962 sh
1945 sh
1950 sh
1926 vs
1950 sh
1932 vs
1957 sh
1924 vs

1950 sh

1925 vs
1925 vs
1912 vs

2043 m -
2065 m
2038 m
2045 m

2043 m
2050 m
2053 m
2062 W

2067 w
2062 w

8A11 spectra were obtained in CHpCl, solution except where

indicated otherwise.

bCyclohexane solution

Cvs = very strong, sh = shoulder, m = medium, w = weak
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‘Table 4. Infrared-active vibration of substituted metal carbonyls
Point v(MC) or
Molecule Group V(MX)a VECO) 8(M-c-0) 6 (X-1
Ni(CO).4 T, ay + ta e + ty + ta e + t
Ni(cO0)sL Cav as a1 + e a1 + as + 2e a1 +
Ni(CO) 2Le Coy a2 + bz a1 + b a1 + az + b1 2ay A
+ b2 +
Ni(CO)Is Cay ay + e a1 e ai +
NilL, Tyq a; + to s e+t
--Fe(CO)s Ds, | 2af + e ab + 2’ +ab 2 +
+ az + 2e
Fe(CO) 4L Cay a1 Pa; + e a: + as + 3e ai +
Fe(CO)sL> Dsp, a; + ah ai +ef al i e! + az 2e’ +
M(C0)s 0y a1, i §§u tag 21325 Iau ta, +

- e

&-X="p, As, N

® ¥, Y=c,c;C P;C, N; B, P

c

IR active




tted metal carbonyls

No. of No. of

6(M-C-0) 6(X-M-Y)° v(Mx)C p(MC)or No. of _ No. of
' vécogc 5(M-C-0)C &(x-M-7)P7C

e + t1 + t2 e + t2 - 1 1 1
ay + apz + 2e a1 +2e 1 2 3 >3
ai + az + bi 2a; + az + bi 2 2 3

+ be + b2
e ai + 2e 2 1 1 >

e + ta 1 - ';f" -

22 + 2e’ +az 2’ +az + & - 2 3 .3 |

+ 2e” L o o
11 + az + 3e a1 + 3e 1 3 4 4? 
1éie;+a!§' 2e'+a.:’;_’»+e”. 1 1 2 ‘.3"

e

g zlzgé ;- tag + t1, + ta, - 1 1 1

0¢



Table 4 continued

Point a v(MC) or
Molecule Group v(MX) v(Co) 8 (M-C-0) 5
M(CO) sLi C4V a1 2a;1 + by + e a3 + az + b3 a:
: + be + 3e
trans-M(CO)4L2 D4h a.]_g + azy alg + blg aag + bz, + eg eé
. + eu + aau + b2u
+ eu
cis-M(CO)4Lz  Ca a; + b2 2a1 + b1 2ai + 2as + 2bi 3¢

v

+ b, .+ 2bs




b No, of No. of

-0) §( X-M-Y) v(Mx)© VéMcgor
. v(co)¢ 6(M-C-0)C¢ 6(X-M-Y)

le + bz a1+éb1+b2 1 3
2 + 3e -+ Je
bz, + eg eg + azgy * bz, 1 1
aau + b2u + eu
€u
222 + 2b1 3ai + 2ap + 2ba 2 4

2bs + 2bs

T¢
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Table 5. Absorption bands of substituted metal carbonyls in the 300-70C

compound P§§§?%1§a§§§ v(M-C
(Observed)
Ni(C0) PR’ P 5 (2)
Ni(CO) 2( PFs) 222 ° 6 (2)
Ni(CO)( PFa) 5™ 2 (1)
Ni(PFg)o?’P o (0)
Ni(C0) s ( P( OCHz) sCCHs) 5 (1)
Ni(C0) 2(P(0CHz) sCCHs ) 2 5 (5) 656 vs
Ni(co)( P(OCHz) sCCHs) 3 2 (1)
Ni(P(OCHz)3CCHa) 4 0 (0)
Fe(C0) 4 P(C2Hs) 5% 7 (3) 621 vs . 526 m

&Raman values,
bsource (37).
Cvs = very’strong; s = strong, m = medium, sh = shoulder, w = weak,

dsource (38).




carbonyls in the 300-700 cm™! region

v(M-¢) and 6(M-C-0), em™ %

462 s° ho7 vs
467 m 456 w 429 s
Lhg w
493 s 471 m 450 vs 348 m
490 s 457 s 377 m 355 w
461 w
621 vs . 526 m | 493 w

h = shoulder, w = weak, vw = very weak.




Table 5 cohtinued

Total Bands

Compound Possible and v
(Observed) ™
Fe(C0) 4 (P(OCH2) 3CCH3) 7 (7) 659 s 620 vs 534 m 525
trans- Fe(CO) (P(OCH2)3CCHs) 2 3 (3) . | | 628 vs 584 vs
cr(co)sc1 © 7 (8) 670 w 653 vs 563
cr(C0)s(P(0CHz)3CCHa) 7 (6)  672m 653 vs
cr(co)s (N(02H4)30H) 7 (5) 671 s 652 vs
Mo(C0)sC1 7 (7) 608 sh 602 vs
Mo(CO) sB(Cols)s™ 7 (5) 610 vs 580 vs
Mo(C0) s (P(OCH2)sCCHs) 7 (5) 606 vs 581 vs
Mo(Co)gP(OCHs)s 7 (5) 600 vs 576 vs
Mo (C0) sP(0C2Hs) C1a" 7 (5) 595 vs 572 vs
Mo(C0) s 0CHs )s” 7(5) 589 vs 571 vs

€Source (34).
Tacurce (36);




v(M-C) and 6(M-C-0), cm™*

620
628
653
653

Vs

Vs

VS
Vs
Vs
sh
VS
VS
Vs
Vs

vs

534 m

584

602
580
581
576
572
571

Vs

Vs

Vs

Vs

vs

vs

Vs

525 s

563 m

553 sh
538 w
557 m
543 s

hu7
460
499

72

489

vw

'400‘

172

470 s

454

Lok
Lok
47
ko1

k37
452
439
391
Lo2

400

390
382

390 vw 368

411 m
ko7 vw
4315 m
346
381
382
377
370
366

¢¢



Table 5 continued

Total Bands

Compound Possible and
(Opserved)

Mo(C0) s(N(C2Ha) 3CH) 7 (5) 612 s 598 vs
w(co)sc1™ © 7 (7) 594 vs 554 s
[W(C0) sP(CH,) o715 7 (2): 594 vs 568 vs
w(c0)s(P(OCH2) 3sCCHs) 7 (6) 590 vs 566 vs

W(C0)s(N(C2H,) 5CH) 3 7 (5) 590 vs 546 s
cis-Cr(C0) 4(P(CeHs) (C2Hs) ), 10 (2) 677 642
cis-Cr(C0)+(P(0CH2)aCCHs) 2 10 (6) 673 s 648 vs
cis-Cr(C0)4(As(OCH2)3CCHa) 2 10 (5) 656 s 648 vs
cis-Mo(C0)4(P(CeHs) (C2Hs) 2) 24 10 (3) 610 587 5
cis-Mo(CO)4P(CaHs)s) S 10 (7) . 608 vs 586 vs =&
cis-Mo(C0).(P(OCH2)3CCHs) 2 10 (10) 649 vs 595 vs 585 vs &
cis-W(CO) 4P(CeHs) (CoHs)2)s 10 (3) 600 583 5
cis-W(CO)4(P(OCH2)3CCHs) 2 10 (6) 661 vs 590 vs 582 vs 5
trans-Cr(C0)4(P(OCH2)3CCHs)2 3 (3) 648 vs 636 vs
trans-Mo(CO) 4P(C2Hs) a)F 3 (3) 631 vs 573 vs
trans-Mo(C0) 4(P(0CHs) 5) 2 3 (3) 618 vs 570 vs




v(M-C) and 6(M-C-0), em™2

VS
Vs
Vs
VS

vs
vs

vs
vs

Vs
Vs
VS
Vs

598
554
568
566
546

587

586

585
583
582

573

570

Vs

vs
vs

vs
VS

vs

Vs
VS

578
575 vs
566 vs
565
560 s

538 s
528 w

527 vw

552 w
543 w

531 wvw

WY
492 w

o3 w
450 w

478 m

490 w
477 m

426

422

430

459

428
47

426

391
410

bk
409

413
405

Los s
397

T 372 w

391 m

4ok m

387 s

361 vs -

355 s

367 vs

292 s
358 m

he
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Table 6. Metal-phosphorus stretching frequencies of sone
substituted metal carbonyls

Total Bands
Possible and

Compound - (Observed) N WM-P) el
Ni(CO)3(PF3)® 1 (3) 262b
Ni(CO)p(PF3)22 2 (2) 254, 209P
N1(CO) (PF3)5® 2 (2) 253, 216D
Ni(PF3) 42 2 (2) 218, 195°
Ni(CO)3(P(0CH2)3CCH3)_ (1) 143
N (C0), (P(OCH,) JCCH,), 2 (2) 155, 1b4
Ni(CO)(P(OCH,)3CCHs)3 2 (2) | 157, 151
N1 (P(OCHp ) 3CCH3) 4 1 (1) 157
Fe (CO)5(P(0CHp)3CCHg) 1 (1) - 169
Egggnge(CO)M(P(OCH2)300H3)2 1 (1) 192
Cr(C0)5(P(0CHp) 3CCH3) (1) 164
Mo (CO ) 5(P(OCH;) 5CCHs) 1 (1). 195
W(co)5(P(OCH2)3CCH3)__ 1 (1) ' 180
Egggg—Cr(CO)4(P(OCH2)3CCH3)2 1 (1) 190
¢is-Cr(C0)y(P(0CH,)4CCHs), 2 (1) 181
trans-Cr(CO)y(P(OCH)4(CHp)3)p 1 (1) 198
018-Cr(C0) 4 (P(OCH) 3(CHp) 3)5 2 (1) 182
cis-10(C0)y (P(OCH, ) 5CCHg) o 2 (1) 201
trans-Mo (CO)y(P(0CH)3(CHz)3)2 1 (1) _ 237

. @Source (37)

bRaman values



Table 6. (Continued)

Total Bands
Possible and

-

Compound (Observed) v(M-P) cm”+
g;§7Mo(CO)4(P(OCH)3(CH2)3)2 2 (1) 200
Eiigw(co)4(P(OCH2)3CCH3)2 2 (1) 185
trans-W(C0)y(P(OCH)5(CHy)5)p 1 (1) 202

181, 178

ging(CO)4(P(OCH)3(CH2)3)2 2 (2)




Table 7. Bands in the far inffared below t
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hose assigned to
2

v (M-P)
Total Bands
Possible and
Compound (Observed) §(X-M-Y),2 cm=d

Ni(CO)3PF3 3 (2) 80, 61P
Ni(C0)p(PF3)5 5 (2) 78, 59
Ni(CO)(PF3)3 3 (2) 76, 52P
Ni(PF3)y 2 (2) 57, 50P
Ni(C0)o(P(OCH,)3CCH3) o L (1) 118
Fe(C0),(P(OCH,)5CCHS) 3 (2) 120, 80
Mo (CO)5(P(OCH,)3CCHz) 4 (2) 149, 84
W(CO)5(P(0CH,)4CCHz) 4 (2) 150, 87
Cr(CO)s(N(Cqu)SCH) 4 (3) 185, 120, 106
Mo (CO)5(N(CoHy)3CH) 4 (3) 170, 107, 89
W(CO)5(N(02H4)3CH) L (3) 168, 101, 88
cis-Cr(C0)y(P(OCH,)5CCH 7 (2) 152, 130
cis-Mo(CO )y (P(0CH)5CCHS), 7T (&) 166, 138, 121, 89
cis-W(CO)y(P(OCH)3CCH3)2 7 (6) :ng?,'7i58, L, 138,

a,Y = ¢,C; G,N; C,P; or P,P

0Raman values
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A STUDY OF THE TRANSITION METAL CARBONYL COMPLEXES
OF 2,6,7-TRIOXA-1,4~-DIPHOSPHABICYCIO [2.2.2] OCTANE

In a cont;nuation of the study of tranéitiqn metal carbonyl
complexes of polycyclic phosphorus ligands 2,6,7=trioxa=1, L
disphosphabicyclo [2,2,2] octane,.P(OCH2)3P (46) was reacted
with the Group VIb metal carbonyls. Preliminary indications
are that P(OCHp)3P forms linkage isomers with these transition
metal carbonyls and that they can be separated by chromatography.
It is not known if P(OCHp)3P forms linkage isomers with transi-
tion metal ions. Several attempts to prepare complexes of
Co(II), Ni(II), Cu(II) and Ag(I) yielded compounds which could
not be purified because of their very low solubilities in
common solvents (47).

The linkage isomers of P(OCHE)SP with metal ca*bonyls are
not readily identified by their infrared spectra because the
carbonyl stretching frequencies of the phosphine coordinated
isomer and the phosphite coordinated isomer are very close
together, Tortunately, the chemical shifts of the methylene
protons of the ligand and the coupling constants, JPOCH and
Jdpeys are different for the two isomers so that identification

can be made from their nmr spectra.

Experimental
The infrared spectra were obtained on a Beckman Model 8
grating spectrometer. NMR spectra were obtained on a Varian

A~60 spectrometer using tetramethysilane as an internal
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standard. Chromium and tungsten hexacarbonyls were purchased
from Pressure Chemical Co. P(OCH2)3P (46), chromium norborna-~
diene tetracarbonyl (26), molybdenum norbornadiene tetra-
carbonyl (27), and tungsten 1,5-cyclooctadiene tetracarbonyl
(28) were prepared as described elsewhere.

Cr(C0)5(P(0CHp)3P) - In a quartz tube were placed 1.0 g (4.5

mmoles) of Cr(CO)g and 0.50 g (3.3 mmoles) of P(OCHz)3P
dissolved in 70 ml of methylcyclohexane. While stirring, the
mixture waé”irradiated with ultraviolet light (Hanovia Lamp
654-A10) for 2 hr, The reaction mixture was filteréd and the
solvent removed under reduced pressure giving a white solid
recrystallizable from n-heptane. The nmr spectrum of this
compound in CH3CN (Figure 4) indicated that this was the pure
vhosphite linkage isomer.

Mo (€0 )5(P(OCH2)3P) and Mb(CO)5(P(CH20)3P) - A mixture of 1.0 g
(3.8 mmoles) of Mo(CO)g and 0.50 g (3.3 mmoles) of P(OCHp)3P in

30 ml of methylcyclohexane was stirred under a nitrogen

atmosphere and refluxed for 7 hr. The solvent was removed
under reduced pressure and the white solid was filtered and
washed with pentane. The compound was reérystallized from n-
heptane. The nmr spectrum of the reaction product in CH3CN
(Figure 5) indicated that it was a mi#ture of the phosphite and.
phosphine linkage isomers. A careful chromatography using a
silica gel column made up with n-heptane and eluted with a
mixture of 50% n-heptane and 50% benzene afforded separation

of the two isomers, .The phosphine linkage isomer came off
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the column first followed closely by the phosphite isomer.
Figure & shows the nmr spectra of the pure isomers,

W(CO)6 + P(OCHp)3P - A mixture of 2.0 g (5.7 mmoles) of W(CO)g

and 0.60 g (4.0 mmoles) of P(OCHp)3P was placed in 30 ml of
ethylbenzene. While stirring under a nitrogén atmosphere, the
mixture was refluxed for 24 hf. This reaction yielded only an
insoluble black solid.

Cis- Cr(CO)u(Pp03C3Hg)o - A mixture of 0.20 g (0.78 mmoles) of

chromium norbornadiene tetracarbvonyl and 0.40 g (2.6 mmoles) of
P(OCHp)3P in 30 ml of n-heptane was stirred at 70° for 4 hr,
The white solid was filtered off and washed with peﬁtane. Its
very complex nmr spectrum in'CH3CN indicated that it was a
mixture of linkage isomers.

Trans- Cr(CO)y(P203C3Hg)p ~ A mixture of 0.50 g (2.3 mmoles) of

Cr(C0)g and 1.0 g (6.6 mmoles) of P(OCHp)sP was added to 30 ml
of ethylbenzene and while stirring under a nitrogen atmosphere
the mixture was refluxed for 30 hr., The solvent was removed
under reduced pressure and the white solid was washed with
pentane and filtered. An infrared spectrum of this product
showed 1t to be a mixture of cis and trans isomers. Chroma-
tography using a silica.gel column and CHoCls afforded
separation of the cis and trans isomers with the ¢is isomer re-
maining on the éolumn. However, an nmr spectrum of»the trans

isomer in CH3CN again indicated that it was a mixture of linkage

isomers.



Figure L. The proton NMR .spectrum_'of' Cr(CO)5P(OCH2)3P, with Jpgep = 5.2 Hz ‘and
' Jpeg = 8.5 Hz
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Figure 5. The proton NMR spectrum of the product from the
- reaction Mo(CO)g + P(OCHp)3P
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Figure 6. The proton NMR spectra of (a) Mo(CO)sP(CHz0)3P with Jpoey = 5.4 Hz and
Jpeg = 2.3 Hz and (b) Mo(CO)5P(OCH2)3P with Jpnay = 5.2 Hz and Jpay =
8.4 Hz '
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Figure 7. The proton NMR spectrum of the product .from the reaction W(CO)uCgHio +
2 (P(OCHp)3P) |
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Cis- Mo(CO)q(P203CBH6)2 - A mixture of 0.30 g (1.1 mmoles) of

molybdenum norbornadiene tetracarbonyl and 0;50 g (3.3 mmoles)
of P(OCHp)3P was added to 30 ml of n-heptane and stirred at room
temperature for 3 hr, The white solid was filtered.off and
washed with pentane. Again a complex nmr spectrum in CH3CN

indicated that this product was a mixture of linkage isomers.

Cis=W(CO)u(Po03C3H5)o =~ A mixture of 0,40 g (1.0 mmole) of

tungsten 1,5-cyclooctadiene tetracarbonyl and 0.50 g (3.3

mmoles) of P(OCHp)3P was added to 30 ml of n-heptane and stirred
for 24 hr at 70°. The solid was filtered off and washed with
pentane. A complex nmr spectrum in acetone (Figure 7) again

indicated a mixture of linkage isomers.,

Discussion

The infrared spectra of the complexes listed in Table 8
depict one interesting feature, namely the small difference in
the carbonyl stretching frequencies between the phosphine and
the phosphite linkage isomers, This small difference makes it
extremely difficult to tell from the spectrum whether a reaction
product is a mixture of linkage isomers or not, Even the
disubtituted complexes, which may be mixtures of three linkage
isomers, exhibit infrared spectra which look very much like.
those obtained from pure compounds. This small difference in
the carbonyl stretching frequencies of the linkage isomers is

-attributed to the Fact that no matter which phosphorus group

of the ligand is coordinated the electronegativity of the ligand

will e about the same.
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The proton nmr data for the complexes, P(OCHp)3P and
SP(OCHp)3P (46) are given in Table 9. The similarity between
the nmr spectra of Cr(CO)5(P(OCH2)3P) ‘and MO(CO)S(P(OCH2)3P)
should be noted as an indication that in these two compounds
the ligand, P(OCHp)P, is coordinated through the same type
of phosphorus. It has previously been shown that the values of
Jpocy for transition metal carbonyl complexes of P(OCHp)3CCHg |
(13) and P(OCH)3(CHp)3 (14) lie between the values of Jpcy
obtaineé for the free ligand and its oxide and sulfide (48).
The values of Jppcy and Jpgy for Cr(CO)s(P(OCHp)sP) and

Mo (CO)5(P(OCH2)3P) are intermediate between the values of
Jpocy and Jpgy for P(OCH2)3P and SP(OCHp)3P. This is evidence
for the contention that P(OCH2)3P is coordinated through the
phosphlte phosphorus in these two complexes.

Boros (17) found that in the complexes Fe(CO)y
(P(CHZ0)3CCH3) , trans- Fe(CO)3(P(CHz0)3CCH3)2 and Ni(CO)p
(P(CH0)3CCH3)p the values of Jpgy were O, O and 1.8 Hz
respectively. The facf that the value of Jpgy for Mo(CO)5
(P(CHR0)3P) is 2.3 Hz lends credence to the proposal that in
this complex P(OCH2)3P is coordinated through the phosphine
phosphorus. It is not clear, however, why the values of JpocH
for the phosphine and the phosphite linkage isomers should be so
similar.

‘Unfortunately because of lack of time this research could

not be carried to a more definitive conclusion.
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Suggestions for Future Work

First, this research should be continued by attempting to’
isolate all the possible linkage isomers that might ve formed
and invesfigating the feasibility of their interconversion.

An nmr study of these complexes should include an in-
vestigation of thelr proton spectra especially from the point
of view of determining the amount of phosphrorus-phosphorus
coupling in the.disubstituted complexes. This would be
especially important if complexes with mixed, phosphine-
phosphite, coordination could be obtained. P31 nmr spectra of
such mixed coordination complexes would also be of help in
studying phosphorus-phosphorus interactions within the same
ligand and between ligands in the same complex., Decoupling
experiments could be used to confirm assignments of phosphine
or phosphite coordination.

The far infrared spectra of these complexes would be im-
portant in furthering the study of metal-phosphorus stretching
frequencies. Also the possibility of isolating a complex where
P(OCH2)3P formed a bridge between two metal atoms mignht make a

worthwhile investigation.
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Table 8. Infrared spectra of transition metal complexes of
P(OCH2)3P in the carbonyl stretching regioné

Compound v (CO) (cm'l)
Cr(00)5(P(0CH,) 5P) 1940 vs® 2075 w
Mo(CO)5(P(OCH2)3P) 1952 vs 2078 w
Mo(CO)5(P(CH20)3P) - _ 1955 vs 2079 w
cis-Cr(CO)y (Py04C3Hg)s 1920 vs 1948 sh 2040 m
trans-Cr(C0)y(Pp03C3Hs)2 | 1918 vs
¢is-Mo(CO)y(Pp03C3Hg)2 1926 vs . 1950 sh 2042 m
¢is-W(C0)y (Px04C3Hg ), 1930 vs 1950 sh 20k2 m

8411 spectra obtained in CHpCly solution

bvs = very strong, sh = shoulder, m = medium and w = weak
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Table 9. Proton chemical shifts (ppm downfield from S1(CHg)y)
and coupling constants J (Hz)a

Compound Methylene © JdpocH JPCH
P(OCHp ) 3PP | 4,45 2.7 9.3
SP(0CHp)3PC 5.20 7.8 7.8
Cr(c0)5(P(0CHp)3P) L, 88 5.2 8.5
Mo(CO)5(P(OCH2)3P) 4,85 5.2 8.4
Mo (C0)5(P(CH0)3P) 4,98 5.4 2.3
cis-Cr(C0)u(P203C3Hg)2 4,804
trans-Cr(CO)y(Po03C3Hg), 4.75d
cis=}0(C0)y(Po01C3Hg) 4, 54d
cis-W(C0)y (Po04C3Hg)o® L, 904

@511 spectra obtained in CH3CN solution unless otherwise-
indicated.

°ce1y solution
CDMSO solution
dCenter of a multiplet 30 Hz wide

CAcetone solution
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2,6,7-TRITHIA-L-METHYL-1-PHOSPHABICYCLO
[2.2.27 OCTANE AND DERIVATIVES

The bicyclic phosphorus compounds P(SCH2)3C0H3, OP(SCH2)3
CCHgy and SP(SCH2)300H3 and the arsenic analogue of P(SCHp)3CCH3,
namely AS(SCH2)3CCH3, are described for the first time and thelr
infrared and proton nmr spectral properties reported. In other
reports, bicyclic analogues of these four compounds were
characterized in which the bridging substituents on the group V
atom are OCHQ (2), w(CH3)CHp (49}.and CH0 (50). P(SCH2}3CCH3
and As(SCHQ)3C0H3 were synthesized in a continuation of our
studies of the variation in ligeand properties of thce phosphorus
atom as the electronegativity of the substituents on phosphorus
is altered in these molecules of relatively constant steric

requirements.

Experimental

The trimercaptan CH3C(CH2SH)3 (51) and P(N(CHs)p)s (52)
were prepared as described elsewhere. Tris-dimethylaminoarsine
As(N(CH3)p)3 was synthesized in L5% yield :in a manner com-
pletely analogous to that used to prepare P(N(CHz)p)z. NMR
spectra were obfained on a Varian A-60 spectrometer, using
tetramethylsilane as an internal standard. Molecular weights
were determined by observing the peak posiﬁion of the ion of
highest mass on an Atlas CHY single focusing mass spectrometer

at an energy of 70 ev., Infrared spectra were obtained on a
Perkin-Elmer Model 21 spectrometer. Dipole moments were

measured by the heterodyne-beat method described elsewhere in
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this thesis.

P(SCH2)3CCH3 - In preparing the mercaptan CH3C(CH2SH)3, diffi-’

culty was encountered in attempting to reduce the polysuliide
(formed by the reaction of CHBC(CHQBr)3 and NaoSy) with sodium
in liquid ammonia. 'Often only partial reduction wés achieved
which may have been due to inadequate stirring of the very
viscous reaction mixture. Possibly the partially reduced
material is CH3C(CHQSH)(CH28x)2 wherein only the open chain is
reduced while the ring remains intact. This structure was in-
ferred from the proton nmr spectrum of benzene solution of this
compound which in addition to the singlet at 49 Hz for the
methyl group, the doublet for the methylene protons.appearing at
144 Hz, and the triplet centered at 64 Hz for the SH group, con-
tained an AB pattern centered at 163 Hz with a coupling constant
of 11,5 Hz, It was not possible to completely separate this
material from the trimercaptan by diétillation.

To 3.00 gv(l7.9 mmoles) of the trimercaptan CH3C(CH28H)3,
kept at 70° under an atmosphere of nitrogen while stirring, was
"added dropwise over a period of 15 min 3,00 g (18.4 mmoles) of
P(N(CH3)2)3. After the evolution of dimethylamine subside&, the
temperature was raised to 160° and held there for 30 min. The
mixture which solidified on cooling was treated with 5 ml of
benzene and filtered. The white solid was sublimed at 110° to
give the product as white needles in 60% yield. Attempts to
synthesize P(SCH2)300H3 by routes analogous to that used earlier

“to synthesize P(OCH2)3CCH3 (1) were only partially successful.



52

Thus addition of PCl3 to a 3:i mole ratio of pyridine to trimer-
captan afforded only a small amount of product. Transesterifi-
cation of P(OCH3)3 with the trimercaptan afforded no detectable
product witﬁ the properties of P(SCH2)3CCH3.

0 = P(SCH2)3CCH3 - Following the method of Poshkus and co-workers

(53), to 0.5 g (2.6 mmoles) of P(SCHp)3CCH3 in 25 ml of stirred
venzene (which had been dried over sodium) in an atmosphere of
nitrogen was added 7.2 g (5.3 mmoles) of S0oCl,. A precipitate
formed immediately and after stirring for five minutes the reac=-
tion mixture was filtered and washed with pentane. The sdlid;
which fumed in moist air, was treated with 8 ml of water and
filtered., The resulting yellow salid was shaken with 5 ml of
carbon disulfide for 5 minutes. After the mixfure was Tiltered,
" the remaining white solid was washed with pentane and sublimed
under vacuum at 130° to give a 20% yield of OP(SCH2)3CCH3.
Several attempts at oxidizing P(SCH2)300H3 to OP(SCH’2)3CCH3
proved unsuccessful before the sulfuryl chloride method was
tried. The procedure given by Lippert and Reid (54) for the oxi-
datioﬁ of P(SCH3)3 using 3% H,0, in glacial acetic acid yielded
only a small amount of starting material. Similar results were
obtained using 30% Ho02 in glacial acetic acid which was used
by Doering and Levy (51) to oxidize CHSC(CHQS)BCH to CHsC
(CH2802)3CH. Bubbling N0y, Op and O3 through a solution of 4
P(SCH2)3CCH3 in CHCl3, C2H5QH and.CHeciz, respectively, produced
no characterizable solid. Similarly negative results were ob-

served for reactions of the trimercaptan with QP(N(CH3)2)5 or



OPCl3 in the presence of a 3:1 mole ratio of N,N-dimethyl-
aniliné. The trimercaptan was reacted with sodium in liquid
ammonia to form the trisodium salt of the mercaptan. After the
ammonia had evaporated a THF solution of OPCl3 was added and the
nixture refluxed for 12 hr. This afforded only a small amount
of water-insoluble material,

S = P(SCH2)3CCH3 - In a sealed ‘tube was placed a mixture of 2.00

g (1.02 mmoles) of P(SCH2)3CCH3 and 0.033 g (1.02 mmoles) of sul-
fur. After heating the tube at 120° for 2 hr. and cooling, the
pale yellow solid was finely ground and shaken with 20 ml of
carbon disulfide for 2 hr. to remove any unreacted sulfur,.

ATter filering and washing with pentane, the white solid was
 sublimed at 180° under vacuum to give SP(SCHp )5CCHg in 90%

yield,

As(SCHp)3CCH3 = The reaction of 5.0 g {29 mmoles) of the trimer-

captan CH3C(CHpSH)3 with 6.0 g (29 mmoles) of As(N(CH3)2)3 was
carried out in a manner similar to that described for P(SCH2)3?
CCH3. After the evlolution of éimethylamine subsided the
temperature was raised to lOOd for 30 min. A white solid formed
on cooling which was sublimed at 110° from a yellow oil which
also formed in the reaction mixture. Following two additional
subliminations to remove all traces of the contaminating oil,

a yield of 60% of sublimed As(SCHp)3CCH3 was realized.

Discussion
There are two pecularities worthy of nolé in the synthesis

of P(SCHp)3CCH3 and OP(SCH2)3CCH3. It is not clear why the trans-
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amination reaction of the trimercaptan with P(N(CH3)p)3 worked
so well while the transesterificatlon of P(OCH3)3 and the
metathesis of P013 in pyridine witii the trimercaptan was un-
successful, All three of these procedures, however, have been
used to prepare P(OCHE)SCCH3 in good yield from the trialcohol
CH3C(CE20E)3 (2,25,55). The reason for the resistance of
P(SCHp)3CCH3 to oxidation by methods already mentioned is also
not obvious. In the reaction of P(SCHp)3CCH3 with sulfuryl
chloride it is possible that the fuming solid formed is an
adduct. Bell (56) claimed the isolation of an addition product
between triethyl phosphite and thionyl chloride, however, other
investigations (53,57,58,59,60) have not been able to substan-
tiate this claim.

The infrared spectra of these compounds are consistent with
the assigned structures. The P= S stretching fregquency occurs
as an intense band at 672 cm~l (KBr pellet) which compares

favorably with 685 ém™t

for S=P(SCH3z)3 (61). The band attri-
buted to the P=0 stretching frequency consists of a very strong
band at 1202 cm™! with a shoulder at 1214 cm-1 (KBr pellet),
which is in good agreement with the aséignment of the phdsphoryl
stretching mode for 0= P(SCoHg)3 at 1200 cm-1 (62).

In Table 11 it can be seen that Jpgey increéses in the
series P(SCH2)3CCH3<:SP(SCH2)300H3<:OP(SCH2)3CCH3. Although
this is not the trend observed for the 2,6,7-trioxa analogues

of these compounds, in which Jpgoyg is larger for the sulfide than

the oxide, it is the trend predicted by the increasing‘electro-
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negativity of the Lewis acid bonded to phosphorus. As the
electronegativity of this Lewis acld increases, there is an
increase in the s character of the P-3 bond and a corresponding
increase in the coupling.

A plot of dielectric constant versus mole fractions of
solute used in calculating the dipoie moments of P(SCH2)3C0H3
and P(SCHz)3 is given in Figure 8. On comparing the dipole
moments in Table 12 for these compounds, it is seen that conQ
straint of the thioalkyl moieties augments the overall moment.
This was noted previously in the case of P(OCH3)3 and P(OCH2)3
CCH3 and was attributed to the orientation of the chalcogen
lone~pair electrons in the polycycle. The lower moments of the
thiophosphites relative to the phosphites (ca 0.3 D) reflects
the lower C-S bond moment which arises from the smaller differ-
ence in the electfonegativities between carbon and sulfur than
.between carbon and oxygen.

In & continuation of the study of transition metal carbonyl
complexes P(SCHp)3CCH3 was reacted with chromium hexacarbonyl.
The resulting green solid proved to be a mixture of Cr(CO0)sg
(P(SCHy)4CCH,) and 9_}5—-'Cr(CO)a(P(SCH2)3CCH3)2 even after
recrystallizing from CH3CN. Chromatography with benzene and a
silica gel column afforded separation of the two compounds. The
colorless mono-substituted compound on recrystallizing from
CHLN yielded a mixture of white plates and pale green needles.

This seems to indicate that on neating the mono-substituted

compounc cdecomposes to form the green cis-disubstituted product.



Figure 8. The plot of dielectric constant (¢) versus solute
mole fraction (X) for P(SCH2)3CCH'3 (o) and
P(SCH3)3 (o) in benzene at 25.0020,05°
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In CHoCl2 solution the carbonyl stretching frequeﬁcies for
Cr(CO)5(P(°Ck2)3CCﬁ3) are 1950 and 2073 cm™l and for cis-
Cr(CO)u{P(SCH 2)~CCh3)2 they appeared at 1925, 1948 and

2027 em™t., Table 2 lists the nmr daua for these compounds. It

i1s interesting that there is very little change in the chemical

shifts of the protons of the ligand, P(SCHQ}BCCH3, upon coordi-
nation. The differences in the spectra of the mono-substituted
carbonyl compound and the free ligand are so small that an
infrared spectrum was obtalned on the same solution used to cb-
tein the nmr spectrum to prove the presence‘of Cr{C0)5(P(SCHz)3

' CCH3). The differences in the nmr spectra of the cis~-disubsti-

tuted complex and the free ligand are greater but they are not

as large as those of the analogous 2,6,7-trioxa compound and its

complexes (13). |

Unfortunately, this work is still in a very preliminary

stage because of a lack of time necessary to complete it.-

Suggestions for Future Work

A continuation of the study of the carboﬁyl complexes and
the investigation of complexes with metal ions might prove very
fruitful, especially in comparing the px Operzles of These com-.
plexes with those of P(OCHp)3CCHs. |

Because As(SCHp)3CCHg seems to be more stable than
As(OCH2)3CCH3, its carbonyl complexes might also be more stable,
If this 1s true, a study of the far infrared spectra of the
carbonyl complexes of AD(SCH2)3CCM3 and P(SCHp)3CCH3 should

prove valuable in determining metal-phosphorus stretching
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frequencies and possibly metal-arsenic stretching frequencies.
Also,istudy of the proton nmr spectra of the carboanyl com-
plexes of P(SCH2)3CCH3 would be interesting from the point of
view of determining the amount of phosphorus-phosphorus
coupling in the disubstituted complexes. |

To complete the work on the polycyclic thiophosphites tine
synthesis of P(SCH)3(CHp)3 and its derivatives and complexes

should be attempted.




Table 10. Analytical data, molecular welights, and melting points

Compound Carbon, % Hydrogen, % Phosphorus,%  Sulfur, % Mol wt Melting
Calcd Found Calcd Tound Calcd Found Calcd Found Calcd Found point €

P(SCH2)3CCH3 30.60 30.58 L4.62 4.59 15.78 15.71  49.00 49.06 196 196  187-189
OP(SCHQ)SCCHE,) 28.29 28,41 4,27 4.34 14,59 14,46 45,31 45,15 212 212 236-239
SP(SCHp)3CCH3 26.30 26.33 3.97 4.05 13.55 13.52 506.20 56.47 228 228  286-290
As(SCH2)3CCH3 25.00 24,86 3.78 3.73 31.19% 31.36% 40,04 39.79 240 240  118-120

@Arsenic %

6%
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cis-Cr(co)A(P(SCH2)3CCH3)2

Table 11. Proton chemical shif s {ppm downfield from Sl(CH3);.)
and coupling constant J{Hz)

Compound Methylene Methyl JdpseH
P(SCHy)3CCH3 2.87 1.11 2.1
OP(SCHp ) 3CCH3P 3.38¢ 1.05 11.6
SP(SCHp ) 3CCH3P 3.32¢ 1.04 10.0
As(SCHQ)BCCH3 2.94 1.09 e
Cr(co)5(P(SCH2)300H3) 2.89¢ 1.12 2.2

3.15¢ 1.19 3.5

@11 spectra were obtained in CHoCly, solution except where

indicated otherwise,
berld:Lne solution

cDouble‘t
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Table 12, Dipole moments

Compound . (D)
P(OCHp ) 3CCH3® 4, 10C5d
P(SCHy) 3CCHg 3.90¢
P(00H3)3b 1.83%
P(SCHz) 3 1.51°

agource (63)

Psource (64)

Cpioxane at 25.0° .
di,14 in benzene at 25.00°
€Benzene at 25.00+0,05°

foarbon tetrachloride at 20.0°
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A RELIABLE HETERODYNE-BEAT DIPOLE MOMENT APPARATUS

A transistorized heterodyne-beat dipole moment apparatus

has been developed which offers several advantages over com-

mercially available instruments and research mocdels built by

other workers.

l.

The instrument employs solid state circuitry which
favors stability. The drift of a capacitance reading
after attaining thermal equilibrium does not exceed

0.1 percent;

Dipole moments over a period of one year are repro-
ducible to within 0.02 Debye and within 0.0l Debye over
a period of one montih.

No oscilloscope is necessary and the substitution of a
small inexpensive milliammeter incorporated into the
circuit also eliminates the appearance of more than one
null reading in the measurement of capacitances.

The all-nickel cell which remains submerged in the con-
stant temperature bath needs no maintenance and is
virﬁually corrosion free. JSince the cell is stationary,
capacitance changes in the leads from the instrument

to the cell due to movement is eliminated. Solution
manipulation under inert atmosphere conditions is
facile.

The space requirements of the instrument box is only

17 in by 11 in.
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6. The sensitivity of the circuitry to temperature
changes of the room is made negligible by the use of
a Thermotrimmer.

7. The cost of materials and construction is about $45C.

Experimental
Cells - Two cells were constructed (Figure 9) to contain the
solutions to be measured. One permlts dielectric measurements
up 0 e=3, This permits the use of many common non-poliar
solvents such as benzene, cyclohexane, carbon tetrachloride and
dioxane. The second cell, which has a smaller volume capacity
than the first, is used for solutions of dielectric constants
up to € =7. This allows the use of more polar solvents such
as chloroform, when compounds of low solubility in non-polar
solvents are studied. This cell can be used with non-polar
solvents but the larger cell is about 2.5 times more sensitive‘m—
To changes in dielectric cohstant.

The materials used in the construction of the cells con-
sisted of Nickel 200 supplied by Steel Sales, Chicago, Illinois;
Kel-F plastic purchased from Auburn Plastics Engineering, |
Chicago, I1ll; Teflon O-rings obtained from Crane Packing, Morton
Grove, Illinois; and brass'and stainless steel from our shop. |

Circuit module - Capacitance changes were measured using a 105

PF section of a General Radio 1422 ME Precision Variable

Capacitor., For a more detailed discussion of the electronics of



Figure 9. Nickel cell used in dipole moment measurements; in
the smaller cell the outer dimensions of the chamber

are 2,644 in, by 0,500 in., with a space of 0,059 “in;
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this instrument see Appendix.

Measurements - The solutions used in these studies in general

had concentrations in the range of 1072 to 10-3 mole fraciion

(X) of solute. For compounds with low moments (0 - 1.5 D) the
upper limit of this range might reach 8 x lO“QX. If the conmpound
had a large moment, the lower 1imit of “he concentration range
might be as low as 10’4X. The solutions are introduced into and
rermoved from the cell by means of suction from a water

ers the cell first

¢t
®
9
ck

.-Y

aspirator. All the air or inert gas that
~ Lo o o . . . o ode . - . A L — PRI
passes through a drying tube containing indicating Drierite.
Generally four or iive solutions of varying concentration are
used in obtaining the plot of X versus dielectric constant (&)
for a given compound. Because of the high stability of this
instrument each sample was allowed to thermally equilibrate in
the cell for five minutes before a reading was made. The drift

during this period has never exceeded 0.1%. In order to main-

)

tain a uniform temperature throughout a measurement the portion --
of the cell containing the solution caﬁity is Immersed in a
constant temperature bath,

The actual capacitance readings, A , obtained from this
instrument are differences of the readings with the solution in
the cell minus that of dry air in the cell. This reading to four
significant figures, is converted to the appropriate dielectric
constant:by.means of a calibration equation. This expression

is the equation for the straight line obtained by plotting A



for three or four pure solvents versus their known dielectric
constants (65). A least scguares analysis is then performed on-

the plot of dielectric constant versus mole fraction to obtain
the slope,§e¢/6X , of the straight line which best fits the dafte
4

points. The Cohen - .olques Bquation (66):

_ 3 M
Po 7 dleo+ 2)¢  [6¢/6X+ 20 fne/6X]

where Py = orientation polarization, M= molecular weight 6f the
pure solvent, d = density of the pure solvent, ¢, = oObserved
dielectric constant of the pure solvent, ne =observed index of
refraction of the solution extrapolated to infinite wave length,
X = solute mole fraction of each solution, 6¢/86X = slope of line
of ¢ versus X, and 6n,/6X = slope of line of n versus X is used
to calculate P,. 6nw/Q¥ could be assumed to be zero for the
compounds discussed here because at the concentrations involved
the slope is very small., (See example in Teble 13). This
simplifies the above equation by eliminating that part of the
expression dealing with refractive index., In all calculations
the atomic polarization of the solvent was assumed to be zero.

The dipole moment was calculated with the Debye equation (66):

[ 9k TP \/
BEVTmE SV (4.9850 x 10738 B,

where M = dipole moment in e.,s.u., cm., k= the Boltzmann con-
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stant, 1.38047 x 10'16,4I= 3.1416, N = Avogadro's Number, and
T = absolute temperature, 298.2°K at 25.0°¢,

Purification of Materials -~ Bromobenzene was purified by re-

fluxing over P)03g for 12 hr and fractionally distilling saving
only the middle fraction. Nitrobenzene was also fractionally

ddle

‘.h

distilled from P;0,4 after refluxing for 12 hr, The m
fraction was fractionally crystéllized'four times and finally
vacuum distilled shortly before the measurements were made.
Benzene and dioxanq were purified by réfluxing ovef sodium Tor
2L hr and fractiofally distilling with only the middle fraction
being used. Cyclohexane was passed through an alumina column 3
cm in diameter and 60 em long and fractionally distilled from
Pj04o through a 45 cm column packed with glass helices saving
only the middle fraction. The chloroform was shaken three times
with concentrated sulfuric acid, neutralized with NaHC03 and
washed with water., After drying over MgS0y it was fractionally
distilled under a nitrogen atmosphere saving only the middle
fraction. Carbon tetrachloride was refluxed over Py0jp for 12
hr and fractionally distilled retaining only the middle |
fraction. All these liquids were stored over Linde 4A Mole-
cular seives, under nitrogen and in the dark. The data obtained
for the bromobenzene and nitrobenzene is given in Table 14, The
plots of dielectric constant versus mole fractidn are shown in

Figures 10 and 1l.



Figure 10. The plot of dielectric constant (€¢) versus solute mole fraction (X)'

for CgHNO, (o) and CeHsBr (o) in benzene at 25,00%0,05°
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~ Figure 11. The plot of dielectric constant (e) versus solute
mole fraction (X) for CgHgNO, (o) and CgH;Br (o)

in chloroform at 25.00%0.05°
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Discussion

The data given in Table 15 shows that the moments of brcme
and nitrobenzene obtained in benzene are in excellent agree-
ment with the literature. The dipole moments of nitrdbenzene
obtained in benzene at 25° listed in the literature range from
2.85 - 4,08 D (67). By considering the large amount of data for
this compound, McClelian has obtained what he calls a recom-
mended value of 3.93 D. There was not sufficient data aveilable
for McClellan to do the same for bromobenzene. However, the
values in the literature for bromobenzene in benzene at 25° for-
tunately cover a much smaller range 1.5 - 1.57 D (67}. It
should be noted that the data for both these compounds include
values obtained since 1950,

In the case of the values obtained in chloroform at 25°
there are very little data available for comparisbn. There are
‘"no data for bromobenzene, and only two values obtained at 25°
for nitrobenzene. These values are 3,08 and 3.20 D (67) and
were determined thirty or more years ago. Unforitunately, this
is the one of the few readily available compounds for which
there is more than one value reported.

The values for the other compounds listed in Table 15 have
been includéd as further evidence for the preéision ant re-
‘liability of this instrument. The data used to calculate these

moments is given in Table 16. The larger moment for quin-'
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e

uclidine N(CQH4)3 H, in carbon tetrachloride than in benzene is
apparently due ©0 a weak interaction between the amine nitrogen
Wwith the chlorines of the carbon tebrachloride (68}.

A consistent set of bond moments could not be found that
gave calculated dipole moments comparing favorably with the
necsured moments given in Table 15. This is possibly due to

the lone pair electrons on phosgphorus and oxygen

F

the effect o
From building models, the lone pairs on oxygen seem to be di-
rected out over the bridge head atom and, therefore, mignht
contribute signirficantly to the total moment of the molecule.
The lone pair of electrons on the pboooqovus bridge head atom
are probably markedly influenced by the elecitronegativity of the
groups bonded to phoéphorus ané the bond angles involved in
these bonds. These two factors, therefore, might account for
poor correlation between measured moments of rigid sysvems and
the values calculated using bond roments obtained from non-
rigid systems.

In Table 17 are listed the dipole moments of some carbonyl
complexes. In comparing the moments of the quinuclidine com-
plexes with those of triethylenediamine, 1t is interesting to
note that the difference between the moments of complexes
containing the same metal is close to the difference between the
monents of the two ligands which is 1,22 D. (The moment of
triethylenediamine is zero). The main reason for this agreement
probably lies in the fact that the steric reqgu ¢rements of uhese

two ligands are very similar. This is born out by a comparison
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of the moments of the molybdenum pentacarbonyl complexes of
P(N(CH3)2)3 and P(N(CH3)CHp)3CCHz. The moments of these ligands
are 1.21 and 1.62, respectively. he fact that the difference
between the moments of these complexes is about one-hali the
difference of the moments of the ligands is an indication that

geometry which is

}.J
]
ck
O
I\

on complexation P(N(CH3)2)3 is forced _
more like that of the constrained P(E(CH3)CHQ)3CC13 than the
non~rigid system. Because of this factor, it is difficult to
obtain meaningful comparisons between the moments of such com-
plexes.
Suggeétions,for Future Work

First of all, to make a complete study of t?e dipole
woments of the various polycycles mentioned, a set of bond
noments and lone‘pair'ﬁéments thaet give a good correlation be-
tween calculated and measurad morments must be obtained. Also,
continued work with complexes may lead to the postulation of
metal=-ligand momehts which could permit the calculation of the}

extent of pi-bonding in various metal-ligand bonds.
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Table 13. Index of refraction (n) at 25.00 in Benzene

Index of
Compound Mole TFraction Refraction dn, /6%
1 (CpHy) 2CH 0.10943 1.5000 -0.01485
0.06538 1.5005

0.0c6162 .5016

1
" 0.0 : 1.5015
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Table 14. Measurements at 25.00 F 0.05° for molar polarization
(Py) Calculations of CgHzNOp and CgHsBr
Mole Dielectri
Compound A Fraction Constant Se¢ /55 Py
C6H5N02a 50.63 0.009992 2,490 21.52 314,0
k7,22 0.005498 2.393
45,18 0.002843 2.335
bl 33 0.001686 2,311
43,08 0.0 2.275
CEH5MO0LP 65.47 0.03252 5.835 .05 181.5
50.06 0.02066 o 5.434h
56.56 0.01302 5.175
54,68 0.009047 5.036
50.42 0.0 L, 720
. CgHzBra 45,41 0.01913 2.341 3.454 50.39
Lh, 27 0.009725 2.309
4, 02 0.,007361 2.303
43,62 0.004346 2.290
43,08 0.0 2,275

@Benzene solution

bChlo roform solutions



Table 14. (Continued)
Mole Dielectric
Compound A Fraction Constant §e/8X Po
CgHgBrPsC 51.23 0.053%7 4,780 1.059  5.611
50.86 0.0270C 4,753
50.66 0.01312 4,738
50.47 0.6 L, 724

Cmive solutions were Prepared, but the fourth one was
contaminated while adding solvent.
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Table 15. Dipole moments of bfomo- and nitrobenzene and various
DOiycycleb at 25,0020,05°

Compound Solvent © (D)
CoHigBr 7 CgHg 1.58%:0,1,578,0,1,5-1,57¢
CHC1q 0.52%
C4E5NO0, . CgHg 3.92%, 3.93¢
CHC1, 2.98%
P(OCHp ) 3CCH3 Cgllg | 4,13%
ccly 1,12%
C5Hyp 3.82%,3.919
- MMd<CHECH2)QO R
P(OCE)3(CHp) 3 Celg 4, Lo
CClLy - L, uge
0(CH,CH,) 0 L,7¢
As(OCHp )3CCH3 CgHg 2.68%
cCly 2.642
N 0(CE,CE,) 0 2.36%
As(ocn)3(c§2)3 CcHg 2.852
} ' cc1y 2.082
EC(0CH )3CuH | Cglg 3.162
cCly 3.21%

&This work
OPThese values obtained 12 months apart
CsSource (67)

dsource (63)
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Table 15. (Continued)

Compound Solvent p (D)
EC(0CH)3(CHp)s = CgHg . 3.342
CHBC(OCHQ)SCCHS CsHg 2,72%

CCly 2,768
CHyG(OCH)5(CHy) 5 CoHe 2.95%
CH3C(OCH,) 5P C5Hg 1.542
| CCly 1.53%
N(C,H, ) OE o CH,  1.21%P,1.038,0
ccly, 1.57%:¢,1.58%,¢
06312 . 1. l?a
P(N(CH.)CH Fo - 1.62f
(R(CHS)Cpe)BCCH3 Ceig 1.62

€These values obtained 1 month apart

TSource (69)
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leasurements at 25,0040.05°
zation (Pgy)

or molar

Compound Dielectric Molie ?
i A Constant Fraction 0¢/6X ©
P(OCHp) 3CCH3® 49,33 2,454 0.61045 21.34  347.4
45.85 2.355 0.005564
43.35  2.283 0.002395
k2,39 2,256 0.001078
41,53 2.231 0.0
P(0CH,)3CCHSP 4157 2,237 0.01138  19.07  298.1
38.30 2,140 0.006200
36.54 2,088 | 0.003542
35.70 2,063 9.6022&6
34,20 2,019 0.0
P(OCH)5(CHp)5° 52,13  2.535 0.009455 27.38  399.4
48,07 2.418 0.005225
46ﬂ10 2,362 0.003181
i L2 2.314 0.001352
43,06 2,275 0.0

acarbon tetrachloride solutions

bCyclohexane solutions

CBenzene solutions



(Continued)
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Teble 16.
Compound Dielectric Mole P
A Constant Fraction 6¢/6X ©
P(0CH)5(CHp) 3 k9,78  2.467 0.009390 25.17 409.8'
46,11 2,371 0.005638 |
45,04 2.332 0.0C4018
42,76 2.266 0.001418
41,50 2.230 o.c
As(OCHp )3CCH3® 46,97 2.387 0.01109  10.04 146.5
sh.70 2,322 0.005056
43,82 2,297 0,002273
43,5k 2,288 0.001354
L3.07-  2.275 0.0
AS{OCH2)3CCH3a LL 48 2.316 0.,006583 8.721 1k2.0
43.60  2.290 0.005912
L2, L6 2,258 0.,00284L
41,90 2,241 0.001187
41,52 2.231 o.b
As(OCH)3(CHp)3® 47,40 2.399 0.01058 11.73 171,2
45,97 2.358 0.007144
Ll 7l 2.323 0.00L016
43,55 2,289 0.001207
43,05 2.275 0.0
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ble 16. (Continued)

o

Compound Dielectric Mole Py
A Constant Fraction &¢/6X
As(OCH)3(CHp)3? L5, 57 2,347 bﬁ01049 11.14 181.4
4k 26 2.30S 0.C07064
43,31 2,282 0,002664
L2,37 2.255 6,002194
41,48 2,230 0.0
HC (0CHp ) 3CCHS° 16,15 2,374 0.006868 14,27  208.2
45,81 2.354 0.005273
43,99 2,302 0.001571
u3, 74 2,294 0.001142
b3.,05  2.275 0.0 |
HC(OCHp)0CH® - 49.02 2.1L5 0.01650 12.93 '219.6f
Ll 80 2.325 0.007004
43,16 2.278 0.003404
42,12 2,248 0.001077 .
41,50 2.230 0.0
HC(OCH)5(CHp)3® hr,us 2,401 0.008023 15.65 228.3
| 45.77  2.352 0.004895 |
45,15 2.335 0.003721
43,69 2,293 0.0001065

43,06 2,275 0.0
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Table 16, (Continued)
Compound Dieiectric Holie 2o
A Constant Praction 0¢/6X%
CH4C (OCHp ) 5CCH5® 48,63  2.L3k 0.01542  10.33 150.7
| 45,84 2.354 C.007347
_Lk.85 2.326 c.00L738
43,71 2,204 0.001707
43.07 2.275 0.0
CH3C(OCHp)3CCHR®  46.30 2,368 0.01426  9.586 156.0
43,77  2.295 0.005726
43,53 2,288 0.006021
- L2, o 2,256 0.002540
41,51 2,231 0.0
CH3O(OC“)3(CH2)3C 46,83 2.383 0.008763 ‘12.18 177.7
45.72 2,351 0.006197
Lh,30 2.310 0.0C2864
43,66 2,292 0.001298
43,09 2,276 0,0
CH3C(OCHp)3P¢ .44.61 2.319 0.01313  3.344 48,79
43,85 2,298 0.006568 '
13.64 2,202 0.004806
43.30  2.282 0.001824
43,07  2.275 0.0




Table 16. (Continued)
Cbmbound ielectric Mole P
- A Comstant Fraction  d¢/6X  ©
CHzC(CCHp ) 3P? 42,87 2.270 0.0131%  2.948 48,00
41,87 2,242 C.003425
L1,59 2.233 0.0006555
h1,51 2,231 0.0
N(02H4)3CHC’d 50.80 2,509 0.1094 2.101 30.65
| br,67 2,416 .06538
43.38 2,290 0.006162
L2,84 2,274 0.0
N(CpHy)4CH®s4 k7,98 2,416 0.06793 2.060 30,05
L5,86 2.355 0.03820
4,18 2,307 0.01461
L3, 54 2,289 0.006148
43,08 2.275 0.0
N(CpHy ) 3CHP 39.39  2.172 0.08599  1.801 28.15-
37.25  2.109 0.,04686
35.52 2.058 0.02210
3L.67 2,033 0.007711
34,19 2.019 o,o.

dThese two measurements were made 12 months apart



Table 16. (Continued)

83

Compound Dieléctric ¥ole ) Py
A Constant Fraction 6&¢/6X
N(CpHy)5CE*2® 51.11 2.505 0.0884L 3,104 - 50.52
L6.57 2.375 0.04807
13,85 2,298 0.02116
L2,40 2.256 0.007651
L1,kg 2.230 0.0
N(CpHy)gCHE>C Lh,55 2,31 0.02728  3.156 51.38
L2,92 2.271 0.01230
42.31 2.254 o.oo6915
Li,54 2,232 0.0
Cr{CO)5N(CoHy)5CHE 45,92 2.357 0.001584 51.53  75L1.9
41,63 2,320 0.00¢8870
43,96 2.301 0.0005052
43,48 2.287 0.0002490
43,08 2,276 0.0 , .
Cr(CO)5V(02H4)3N° 43,96 2.300 0.0007621 31.93 465.9
L3, 54 2.288 0.0003684
43,329 2,284 0.0002340
43,29 2,281 0.0001812
43,11 2,276 0.0

€These itwo mEasurements were made 1 month apart



‘Teble 16. (Continued)
. Compound Dielectric Moie P§
A Constant Fraction 06¢/6X

20 (CO ) sN{CpEy )3CHC 50,57 2.490 0.003862 55.64  811.8
48,11 2.420 - 0.002587
45,68 2.350 0.001332.
L L 2,313 0.0006752
43,05 2.275 0.C

Mo(CO)5N(CoHy)aN®  4M,77  2.323 0.001345 35.3%  515.6
Ly 01 2.302 0.0007339
43,50 2.287 0.0003454
43,33 2,282 1 0.0001868
43,09 2,275 0.0

W(CO)5N(02H4)3CH° k7,61 2,405 0.002061 63.19 922,0
U547 2,344 0.001090
Ly 8L 2.326 0.0007938
44,09  2.304  0.0004705
43,06 2.275 0.0
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Table 17. Dipole moments of various carbonyl complexes in
benzene at 25.0040.05°

Compound - | u{D)
Cr(C0)5N(CpHy)-CH 6,062
30 (CO ) 5N (CoHEL ) 5CH . 6,302
W(CO )5N{CpEL) 3CH | 6.72%
Cr(C0)5N{CoHHy ) 5N L 772
LO(CO)5N§C2H4}3N 5.02%
Mo (€0 )5P(N(CHz)p) 4 5. 540
W{CO) _P(N{CH 757

(€0 ) 52 {1 3)2)j | 5.75
Mo (00 ) 5P (I(CH3)CHp ) 4CCHS 5.78P
.1 / . o “~ b
“O(CO)BP\OChQ)BCCQﬁS , 0.91
W(C0 ) 5P(0CH,) 5CCoH, * 7,010
Fe(CO)yhs (OCH, ) 3CCH, 4,86
cis-}0 (CO)y(P(N(CHz)p)3)p | " 6,67 or 6.40¢
cis-¥o(CO)u(P((CHz)2)3) (P(OCH ) 5CCoHS) ' 8.38"
CsHgin(C0)oP(OCH, ) 5CCHS 5.39°

8This work

bM. J. McInerney, Ames, Iowa, Privgte Coﬁmunlcat;ons, 1666
®R. D. Compton, Ames, Iowa, Private Communications, 1965
SR, J. Pipal, Ames, Iowa, Private Communications, 1966

®source (70)
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The sample cell forms part of the capacitance of a

A

parallel resonant cilrecuit incorporating a 3 millihenry in-
Guctor, the remainder being made up of the precision variaple
capacitor, an air-diglectri veriable capacitor for preliminary
setting, fixed silver-mice capacitors in the cell cap to bring
tne total cell capacitance up §O'approximately 600 pF, a
Thermotrimmer, and circuit stra&s. This circuit ié excited
into _resonance at 100 K#z in a modified Franklin oscillator
circuit using & transistorized amplifier and coupling resistors
of approximately 1 megonm whicﬁ éﬁsure good isolation of the

. frequency determining circuit from the amplifier. The ampli-
fier hes low phase shift at 100 KHz; its chief contribution

to frequency instability belng vériation of the collector-base
capacitance of Q2 with collector vecltage, This is compensated
by an opposite change in the collector-base-capacitance of Q3.

Tne indiceted change in capacitance between a cell =apt
Py Py

9

and filled with benzene waes unaitered for air temperatures
vetween 13 and 30°, showing that the temperature coefficient of
the standard capacitor would have é negligivble effect. Vari-
ations in other components of the oscillator were éompensated
by a capacitor with a variable temperature coefficient
(Thermotrimmer, British Radio Electronics Corp. ).

The emplifier is enclosed in a plastic foam insulated box

to avoid rapid temperature change. A potentiometer in the



Figurc 12, The circuilt diagram:fdr the dipole moment apparatus, with the following
notes: (1) selected to bring the total cell capacitance to approximately
‘600pF, (2) precision variable capacitor, General Radio type 1422 ME,
(3) thermotrimmer, (4) selected for reliable oscillation; nominal value
1 M., (5) selected for equal mixer output from each input. meinél

values shown and (6) Peterson kadio Z-6A, 100 KHz



—15v0
Lo o3 .
] 2N274 (00K § NOTE @
——AAAN LA~ ) s mm——
L 330k Q2 NOTE @ NoTE|® Nom@.;___..__;
2ne74 100pF NOTEQ]  CELL
' ° A A
" AMPLITUDE 3 B T
33 _L—=~ 1K §10x ore!
' T MQD-2

.

a o &

1 0 --24v.
I -2 2700 :
ool Sarviiz-21 T eF ' _
& ,

as 1T oNera tam : oT0
2N274 - T3° (N34 07 OSCILLOSCOPE
] [~

;' 23274

33 |34 .
-[“' : T 5Kf’¢'—~ o-1 (m
Mo

_o_vo-——ox——ﬁ:.* 1sv
174 A F———— 60Kz
s.B
)
_3 *—5* 0 3.1V
Ll 60H2

777~ TO OSCILLOSCOPE

atT



emitter circuit of Q2 vermi
anplitude for solven
circuit is fed via a high resistor for isolation.

The 100 XHz crystel osciilator is of siraightforward
design with the crystal thermally insulated in & plastic foam

blocx., The inputs to the mixer are carefully Shl d fronm
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ci

O-1 milliemperes meter via the emitier Tollower Q7. Zexro
freguency difference between the oscilla tors correspondés to a
steacy meter reading. The alternaitive method of comoarison of

the difference frequency to the 60 Hz line fregquency by a

ssajous pattern on an oscilioscope can also be used, but has

UI

isadvantage of giving two nulls.

[ol)

the
The power supply provides sgingly-rzgulated -24 volt and

doubly regulated -15 volt supplies and a 60 Hz oscilloscope

reference voltage. Total power coqsumpulon is about 10 watts.

enabling the instrument to be left on cont 1nua71y.
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