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CHAPTER I 

INTRODUCTION 

Cyclopolyphosphines are a class of organophosphorus 

compounds which contain only phosphorus in the ring and have 

the general formula (RP) . Although a number of such com

pounds are now known and the structures have been determined 

with certainty in a few cases in the solid state by x-ray 

crystallography, no general method to determine ring size 

has been described. In some cases different techniques have 

given conflicting answers. 

Cyclopolyphosphines with three-, four-, five-, and 

six-membered rings have been reported. There is still, how

ever, some controversy over the existence of the three-

membered rings. The structure and nomenclature for the cy

clopolyphosphines is shown below. The first name listed is 

the common literature name, while the second is the one used 

by "Chemical Abstracts." 

\ . / 

,P-

Cyclotriphosphine Cyclotetraphosphine 
(Triphosphirane) (Tetraphosphetane) 



I I 

Cyclopentaphosphine Cyclohexaphosphine 
(Pentaphospholane) (Hexaphosphorinane) 

In the known cyclopolyphosphines, (RP) , R is an 

alkyl, a perfluoroalkyl, an aryl, or a perfluoroaryl group. 

Since phosphorus has an outer shell lone pair, there is an 

approximate tetrahedral arrangement around each phosphorus 

atom. In order to minimize R-group—R-group and lone-pair— 

lone-pair interactions, the R groups are found to alternate 

in a trans manner around the ring when possible. 

The simplest method for preparing alkyl-or arylcy-

clopolyphosphines is the reaction of the appropriate organo-

phosphonous dihalide with the corresponding primary phosphine 

RPX^ + RPH^-^ 2/n(RP) + 2HC1 2 2 ' n 

The yields of cyclopolyphosphines are usually very high 

(greater than 80%) for this reaction. The principle drawback 

to this procedure is the necessity of preparing both the 

primary phosphine and the phosphonous dihalide. Another com

mon method of producing cyclopolyphosphines includes the 

reduction of an alkyl- or arylphosphonous dihalide (other 



than fluorine) with an active metal such as Li, Na, Mg, or 

Hg: 

RPX^ + M—>'l/n(RP) + MX^ 
^ n 2 

One of the cheapest methods of producing cyclopolyphosphines 

includes the direct synthesis from elemental phosphorus and 

a Grignard reagent in the presence of an alkyl halide. The 

yields are, however, much lower than those for the previous 

two reactions since large amounts of higher polymers are 

also formed. 

p. + 2RMgX + RX—^(RP)- + 2MgX 

There have been numerous other methods devised for producing 

cyclopolyphosphines; however, they involve more elaborate and 

indirect methods and the yields are usually poorer than the 

methods listed above. 

The chemistry of cyclopolyphosphines dates back to 
2 

1887 when Kohler and Michaelis synthesized a compound, 

(C^H-P) , which they assumed to be the dimer C^H_P = PC-H_. 
6 5 n 6 5 6 5 

By analogy with azobenzene, C-H^N = NCgH , the compound was 

called phosphobenzene. No other work was done in the field 
3 

until 1957 when Burg and Mahler reported the preparation of 

tetrakis(trifluoromethyl)cyclotetraphosphine, (CF-P) , and 

suggested that phosphobenzene was also a tetramer. Kuchen 
4 

and Buchwald in 1958 supposedly confirmed this postulation 

on the basis of molecular weight determinations in solution. 



Since 1958, a number of alkyl, aryl, perfluoroalkyl, 

and perfluoroaryl substituted cyclopolyphosphines have been 

prepared as well as four isomeric forms of phosphobenzene , 

referred to as compounds A, B, C, and D. Compounds A and B 

were originally thought to be stereoconformers of a four-

membered ring while C and D were thought to be polymeric. 

These structures were largely accepted until Daly and Maier 

found, by the use of X-ray crystallography, that compound A 

was a five-membered ring and compound B was a six-membered 
7 

ring . However, due to molecular weight determinations, A 

and B are still thought by some to be four-membered rings in 

solution. 

The determination of ring size in alkyl and perflu-

oroalkyl substituted rings has been as problematical as that 

of the phosphobenzene system. Molecular weight determina

tions have yielded values which are intermediate between 

disputed ring sizes. Mass spectra of the cyclopolyphosphines 

normally fail to indicate a parent peak, or it is not known 

if a peak of weak intensity is the parent peak or an impurity 

In the case of the ethyl substituted ring system, the unex

pected molecular weight is thought to be due to a constant 

boiling azeotrope consisting of the four- and five-member 

q 

ring compounds. As mentioned earlier, there are also dis

putes over the existence of a three-membered perfluoroethyl 

substituted ring. In one case molecular weight and mass 

spectral data indicated a three-membered ring, whereas 



in another case mass spectral data alone indicated a five-

membered ring. 

At the time of this work there was no reliable method 

for determining the ring size of cyclopolyphosphines in solu

tion. X-ray crystallography has been used to determine the 

ring size of pentaphenylcyclopentaphosphine, hexaphenylcy-

7 12 
clohexaphosphine, tetracyclohexylcyclotetraphosphine, and 

13 tetrakis(trifluoromethyl)cyclotetraphosphine: however, the 

ring size of even these compounds is still questionable in 

solution. As mentioned earlier, the experimental molecular 

weights of forms A and B of phosphobenzene indicate four-

membered rings, while the crystal structures shovz a five- and 

a six-membered ring. Experimental molecular weights of other 

cyclopolyphosphines have been irregular and often have given 

values intermediate between the calculated molecular weight. 

Weights of two ring sizes or much lower than the expected 

molecular weight. As with cyclopolyarsines, the determination 

of molecular weights by use of mass spectroscopy must be car-

14 

ried out with some care. The fragmentation of cyclopolyphos

phines is apparently very sensitive to such variables as com

pound purity, as well as inlet temperature and ionizing 

voltage of the spectrometer. Raman spectroscopy has also 

failed to provide a means of determining ring size in cyclo

polyphosphines. Henderson, et_ a_l concluded from the Raman 

15 

spectra of forms A and B of phosphobenzene that both ex

isted as four-membered rings in the solid state. Other 

cyclopolyphosphines have been incorrectly assigned as four-



membered rings from their Raman spectra. The undecoupled 

31 

P NMR spectra have also been of no use in determining ring 

sizes because of the incorrect assignment of ring sizes in 

cyclopolyphosphines by other techniques. The spectra of both 

four- and five-membered rings have been reported as broad 

singlets and interpreted only as evidence for the equivalence 

of all phosphorus atoms in the molecule. The confusion that 

exists in the determination of ring size in cyclopolyphos

phines is shown in Table 1. 

There have been no reported preparations of cyclo

polyphosphines with different R groups in the same ring. 

However, there is one report of the high temperature scramb

ling of methyl and ethyl groups between a mixture of methyl-
22 

cyclopolyphosphine and ethylcyclopolyphosphine. 

Cyclopolyphosphines vary in thermal stability. The 

liquid cyclopolyphosphines can be distilled without decom

position, thus allowing an easy route for purification. 

Forms B and C of phosphobenzene have been recorded as re-

arranging to form A upon melting. When heated to 255 , 

pentakis(trifluoromethyl)cyclopentaphosphine rearranges to 
24 give the tetramer. Tetrakis(trifluoromethyl)cyclotetra-

o 24 
phosphine can be stored at 280 without thermal decomposition. 

The crystalline cyclopolyphosphines are air stable; 

however, in solution or in liquid forms, the cyclopolyphos

phines are extremely air sensitive and must be handled under 

an inert atmosphere. The liquid cyclopolyphosphines are 
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usually light yellow in color and possess an almost unbear

able odor. The solid forms, when pure, are usually odorless. 

There appears to be no correlation between the substi-

tuent R and the size of the ring. The "̂"̂P chemical shifts 

have been reported for many of the cyclopolyphosphines; how

ever, these shifts also appear to have no correlation with 

the substituent R or with the size of the ring. 

The principle unanswered (questions in cyclopolyphos

phine chemistry are: (1) What is the ring size of a particu

lar cyclopolyphosphine in solution, and, (2) What factors 

determine the ring size? In order to answer these questions, 

the alkyl, perfluoroalkyl and aryl cyclopolyphosphines were 

31 observed by P NMR while decoupling all other nuclei. The 

three-membered rings should give AB^ spin systems, the four-

and six-membered rings should give A. and A^ spin systems, 

respectively, and the five-membered rings should give AA'BB'C 

or ABODE systems (Chapter IV). In order to obtain additional 

information on the factors which govern ring size, an attempt 

was also made to try to prepare cyclopolyphosphine rings with 

mixed substituents. 



CHAPTER II 

EXPERIMENTAL 

Instrumental 

Raman spectra were recorded on a Jarrell-Ash Model 

25-500 laser Raman, and ir spectra were recorded on a Perkin-

Elmer Model 457 grating spectrophotometer. The mass spectra 

were obtained using a Varian MAT-311 mass spectrometer oper-

31 13 ating at 70 eV. P and C NMR spectra were recorded on a 

Varian Associates NMR spectrometer Model XL-100-15. All 

31 

P NMR shifts were reported relative to 85% H PO.. Proton 

NMR were recorded on the XL-100-15 or on a Varian Associates 

A-60. 

Special Apparatus 

All manipulations of air sensitive compounds were 

carried out under a nitrogen atmosphere or were performed on 
25 

a high-vacutom system using standard technicjues. The high-

vacuum system was equipped with ground glass stopcocks 

greased with Apiezon M. Working vacuums were maintained 
— 3 —6 between 10 and 10 Torr. 

Tensimetric titrations were performed with a tensi-

26 meter constructed of Pyrex glass, using greaseless Teflon 

stopcocks and couplings. Pressures inside the tensimeter 

were monitored via a capillary tube mercury manometer in 

conjunction with a cathetometer. 

9 
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Preparations 

(a_) Pentamethylcyclopentaphosphine, (CH-P)-/ was 

prepared by the general method of Henderson, Epstein, and 

Seichter.^ At -40°, 19.5 g (167 mmol) of dichloromethylphos-

phine in 25 ml of tetrahydrofuran (THF) was added dropwise 

with vigorous magnetic stirring to 2.5 g (375 mmol) of Li 

wire in 100 ml THF. The mixture was allowed to gradually 

warm to room temperature and stirred for 48 hrs. Distilla

tion gave 5.2 g (67% yield) of pentamethylcyclopentaphos

phine, bp 135-136°/3 Torr. Pentamethylcyclopentaphosphine 
o -I c 27 27 

was identified by its P NMR, ir, and Raman spectra. 

The H NMR spectrum in C^Dg gave a broad complex set of 

peaks at 1.50 ppm relative to TMS. The •'•̂C(-'-H) NMR spectrum 

in CDCl^ gave three broad peaks in a ratio of 1:2:2 at -11.9, 

-9.52, and -5.55 ppm, respectively from TMS. 

(b) Pentaethylcyclopentaphosphine, (C2H^P)^; (c) 

Penta-n-propyIcyclopentaphosphine, (n-C^H^P)^; (d) Penta-n-

butylcyclopentaphosphine, (n-C^H^P)^; and (e) Tetraisopropyl-

cyclotetraphosphine, (i-C^H^P)^, were prepared by the method 

of Rauhut and Semsel.""" The reactions are typified by the 

following secjuence. White phosphorus, 31 g (1 mol) , was cut 

under water into 0.3 g pieces and washed with acetone and 

then benzene. The phosphorus was then added to 0.55 mol of 

freshly prepared alkylmagnesium bromide and 0.55 mol alkyl 

bromide in 300 ml THF under nitrogen. The reaction was 

stirred at reflux temperature for 1 hr, cooled to room 
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temperature and diluted by the dropwise addition of 200 ml 

of water. The mixture was then filtered and the phases 

separated. The organic layer was dried over anhydrous mag

nesium sulfate and distilled at reduced pressure. The yields 

of cyclopolyphosphines varied from 5-20%. In each reaction 

there was a considerable amount of higher polymers formed. 

The cyclopolyphosphines were identified by their P NMR 
5 

spectra. Pentaethylcyclopentaphosphine v/as also identified 

27 
by its Raman and ir spectra. The boiling points of the 
cyclopolyphosphines were in close agreement with the litera-

5 o 

ture values: pentaethylcyclopentaphosphine, 125 /0.05 Torr; 

penta-n-propylcyclopentaphosphine, 142°/0.03 Torr; penta-n-

butyIcyclopentaphosphine, 170^/0.05 Torr; and tetraisopro-

pylcyclotetraphosphine, 95 /0.05 Torr. 

(£) TetracyclohexyIcyclotetraphosphine, (^"^6^11^)4' 

was prepared by adding 4.1 g (22 itimol) of eye lohexy Idichloro-

phosphine all at once to 0.55 g (22 mmol) of Mg in 50 ml THF. 

The mixture was refluxed and stirred for 2 hrs. The solution 

was then filtered, and the precipitate was extracted with 

70 ml of THF. The filtrate and washings were combined, and 

the volume reduced to 10 ml. Filtration yielded the tetra-

cyclohexylcyclotetraphosphine. The crystals, which were 

dried in vacuo, gave a melting point of 214-216 (reported 

218-220°). Tetracyclohexylcyclotetraphosphine was also 

prepared by the method of Rauhut and Semsel. However, since 

large quantities of higher polymers were also formed, it 
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proved impossible to purify the solid tetracyclohexylcyclo-

31 
tetraphosphine. P NMR was used to identify the tetra-

cyclohexyIcyclotetraphosphine. The mass spectrum of tetra-

cyclohexylcyclotetraphosphine gave a characteristic pattern 

with the most abundant peaks attributed to (C H^P) ."̂, m/e = 

456; (CgĤ i)3P4'*", ^'^^' ^^6^11^ 2^4^' ^^O; CgH^^P^"^, 207; and 

^6^11 ' ̂ "̂ ' "̂ ^̂  previously unreported Raman spectrum gave 

the following peaks (cm"-*-) : 152 (vw) , 166 (s) , 185 (vw) , 

252 (w), 300 (vw), 322 (vw), 434 (vs), 479 (s), 494 (s), 

520 (vw), 794 (vw), 823 (m), 856 (vw), 886 (vw), 1002 (w), 

1027 (vs), 1081 (vw), 1104 (vw), 1184 (m), 1266 (w), 1298 (w), 

1335 (vw), 1346 (vw), 1442 (w), 2843 (w), 2851 (w) , 2882 (w) , 

2917 (w), 2935 (w), and 2945 (m). The ir spectrum (nujol 

mull, KBr plates) gave the following peaks (cm~ ): 421 (vw), 

487 (vw), 511 (w), 549 (vw), 716 (vw), 730 (vw), 811 (vw), 

844 (vs), 876 (s), 879 (s), 909 (vw), 992 (s), 1018 (w), 

1091 (vw), 1163 (s), 1177 (m), 1179 (w), 1251 (s), 1260 (m), 

1287 ,(m) , 1335 (w) , and 1330 (w) . 

(2_) Tetra-tert-butylcyclotetraphosphine, (t-C H^P) ., 

was prepared by the dropwise addition of 10.0 g (63 mmol) of 

dichloro-tert-butylphosphine in 40 ml THF to 1.53 g (63 itimol) 

of Mg in 30 ml THF. The mixture was stirred and refluxed 

for 8 hrs and then filtered to remove MgCl2 and unreacted Mg. 

The solvent was removed and the resultant solid was sublimed 

o in vacuo to give white crystals, mp, 161-162 (reported 167-

o 18 169 ). Tetra-tert-butylcyclotetraphosphine was identified 



13 

by its P NMR spectrum. The H NMR spectrum in C^D_ con-
6 6 

sisted of a broad complex set of peaks centered at 1.06 ppm 

relative to TMS. The mass spectrum of tetra-tert-butylcyclo-

tetraphosphine showed a pattern similar to tetracyclohexyl-

cyclotetraphosphine with the most abundant peaks attributed 

to (t-C^HgP)^"^, m/e = 352; (t-C^H^) 3P̂ "̂ , 295; (t-C^H^) 2P/, 

238; t-C^HgP^, 181; P̂"*", 124; and t-Ĉ Ĥ "*", 57. The Raman 

spectrum gave the following peaks (cm~ ): 171 (vs), 208 (vs), 

290 (vw), 311 (vw), 399 (vw), 421 (w), 492 (m), 497 (w) , 

587 (s) , 814 (m) , 943 (w) , 1018 (vw) , 1178 (w) , 1206 (vw) , 

1328 (vw), 1395 (vw), 1446 (vw), 1463 (vw), 2860 (vw), 

2894 (vw), 2920 (vw), 2937 (vw), and 2961 (vw). The ir 

spectrum (nujol mull, KBr plates) gave the following peaks 

(cm'-"-) : 433 (vw) , 499 (vw) , 528 (vw) , 578 (w) , 610 (w) , 

721 (w), 802 (vs), 880 (vw), 900 (vw), 935 (m), 968 (m) , 

1010 (m), 1150 (s) broad, and 1310 (vw). 

(h) Pentaphenylcyclopentaphosphine, (CgH-P)^/ was 

prepared by the dropwise addition of 8.95 g (50 mmol) of 

dichlorophenylphosphine to 1.22 g (50 mmol) of Mg in 50 ml 

THF. After complete addition of the phosphine, 60 ml of H2O 

was added with the resultant precipitation of the pentamer 

from the organic layer. Recrystallization from THF yielded 

crystals melting at 149-150° (reported 148-152°).^ Raman,-^^ 

ir, H NMR , and P NMR spectroscopy were used to identify 

pentaphenylcyclopentaphosphine. 

(_i) Tetra-sec-butylcyclotetraphosphine, (sec-C^ngP)-

was prepared by the addition of 2.4 g (15 mmol) of dichloro-
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sec-butylphosphine in 5 ml THF to 0.365 g (15 mmol) of Mg 

in 15 ml THF. The mixture was refluxed and stirred for 2 

hrs and then filtered to remove MgCl2 ^^^ unreacted Mg. The 

resultant solution was distilled to give tetra-sec-butyl-

cyclotetraphosphine (150°/0.05 Torr). The "̂•'•p (•'•H) NMR 

spectrum gave a complex set of peaks centered at +65.5 ppm. 

Anal, calcd for (C^H^P)^: C, 54.54; H, 10.30; P, 35.16. 

Found: C, 55.14; H, 10.20; P, 35.17. 

(2) Hexaphenylcyclohexaphosphine, {C^E^V)^, was 

prepared by adding, all at once, 5.9 g (33 mmol) of dichloro

phenylphosphine to 3.63 g (33 mmol) of phenylphosphine in 

15 ml of benzene. After evolution of HCl, the precipitate 

which formed was filtered and washed with cold ether. 

Hexaphenylcyclohexaphosphine was identified by its ir spec-
5 

trum and melting point. 

(k) Tetrakis(pentafluoroethyl)cyclotetraphosphine, 

{€2^^^) .', and (1̂) Tris (pentaf luoroethyDcyclotriphosphine, 

(C^F-P)^, were prepared by shaking an excess of mercury with 

C2FCPI2 overnight in a closed ampule. The cyclopoly

phosphines were pumped from the ampule into a high vacuum 

system and transfered to an NMR tube. Tetrakis(pentafluoro

ethyl) cyclotetraphosphine and tris(pentafluoroethyl)cyclo-

31 28 
triphosphine were identified by their P NMR spectra and 

vapor pressure. 

(m) Tetrakis(heptafluoro-n-propylcyclotetraphosphine, 

(n-C-F_P)., was prepared by shaking an excess of mercury with 
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n-C3F^Pl2 in a closed ampule overnight. The cyclopoly

phosphine was pumped from the ampule into a high vacuum 

system and trasferred to an NMR tube. Tetrakis(heptafluoro-

propyl) eye lotetraphosphine was identified by its '̂'"P NMR 

28 spectrum. 

(n) Pentamethylcyclopentaarsine, (CH-AS)^, was pre-

29 pared by the method described by Palmer and Scott. Sodium 

methylarsenate, 100 g (34 mmol), was stirred with 350 ml of 

50% hypophosphorous acid for three hours in a bath at 70°. 

The resultant pentamethylcyclopentaarsine was washed with 

5% NaOH and then by H O . Pentamethylcyclopentaarsine was 

identified by its H NMR spectrum. 

(o) Cyclohexyldichlorophosphine, c-C^H^^PCl^; 

(£) Dichloro-sec-butylphosphine, sec-C .HQPC12; ^^^ 3̂-̂  Di-

chloroisopropylphosphine, i-C3H-PCl2/ were prepared by the 

Grignard reaction of the appropriate alkylmagnesium bromide 

with bis(dimethylamine)chlorophosphine. The resultant 

phosphine, (N(CH^)^)^PR, was chlorinated to give the ap-

31 propriate alkyldichlorophosphine. 

(r) Diiodoheptafluoro-n-propylphosphine, n-C3F_Pl2; 

and {s) Diiodopentafluoroethylphosphine, C2FCPI2/ were pre

pared by the general method of Emeleus, Haszeldine and 

32 Bennett. The perfluoroalkyl iodide was condensed into a 

metal cylinder with an excess of red phosphorus. The metal 

cyclinder was heated for 40 hrs at 220-240 after which all 

condensables were pumped from the cylinder into a high 
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vacuum system. Diiodoheptafluoro-n-propylphosphine was 

separated from the more volatile heptafluoro-n-propyl iodide 

and bis(heptafluoro-n-propyl)iodophosphine by condensation 

into a -5 trap, while diiodopentafluoroethylphosphine was 

separated from the more volatile pentafluoroethyl iodide and 

bis(pentafluoroethyl)iodophosphine by condensation into a 

-20° trap.10 

(t) Phenylphosphine, CgH^PH2r was prepared by the 

reduction of dichlorophenylphosphine with lithium aluminum 

hydride in anhydrous ether. "̂"̂  

(u) Dichloromethylphosphine, CH3PCl2f was prepared 

by passing CH^Cl gas at a flow rate of 100-110 ml/min over 

100 g (3.22 mol) of red phosphorus and 20 g (0.30 mol) of 

powdered Cu at a temperature of 345-355°.'^^ Dichloromethyl

phosphine was also obtained from the United States Army and 

from the Ethyl Corporation. 

(v) Dichlorodimethylaminophosphine, {CE^)^^VClj, 
35 was prepared by the method of Burg. A solution of 100 g 

(2.22 mol) of dimethylamine in 150 ml of anhydrous ether 

was added to 157.4 g (1.14 mol) of PCl^ in 300 ml ether. 

(w) Bis(dimethylamine)chlorophosphine,((CH-)^N)^PCl, 

was prepared in the same manner as dichlorodimethylamino-

phosphine; however, only 78.7 g (0.58 mol) of PCl^ was used. 

(x) Dichloro-tert-butylphosphine, t-C.HQPCl2; and 

{}[) CyclohexyIphosphine, c-C^H^^PH^, were obtained from 

Strem Chemicals. 
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{z) Heptafluoro-n-propyl Iodide, n-C-F_I, was ob

tained from PCR Incorporated. 

(aa) Pentaf luoroethyl Iodide, C^Fj.1, was obtained 

from Chemical Procurement Laboratories. 

(bb) Dichlorophenylphosphine, CgHcPCl2f was obtained 

from Aldrich. 

(cc) Sodium Methylarsenate, CH^AsO(ONa)2•6H2O was 

obtained from Alfa Inorganics. 

Mixed Cyclopolyphosphine Rings: Attempted Preparations 

(a) Dichloromethylphosphine (167 mmol) and dichloro

phenylphosphine (169 mmol) in 50 ml THF were added with 

vigorous magnetic stirring to 4.17 g (600 mmol) Li wire in 

75 ml THF. The reaction was kept at -40° while the addition 

took place and then allowed to warm to room temperature. 

The only products recovered were LiCl, white phosphorus, 

and a black tar. 

(b) Phenylphosphine (45 mmol) in 30 ml THF was 

added to dichloromethylphosphine (45 mmol) in 40 ml THF at 

-40°. The mixture was warmed to room temperature and the THF 

was removed. "̂''P NMR indicated that only pentamethylcyclo

pentaphosphine and pentaphenylcyclopentaphosphine were 

present. 

(c) Dichloromethylphosphine (7.5 mmol) was added to 

31 
eyelohexyIphosphine (7.5 mmol) in 5 ml diethylether. P NMR 

indicated only pentamethylcyclopentaphosphine and tetracyclo

hexy Icyc lotetraphosphine. The solid tetracyclohexylcyclo-
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tetraphosphine was removed from the mixture and further 

identified by its mass spectrum. 

(d) Cyclohexyldichlorophosphine (8.6 mmol) and 

dichloro-tert-butylphosphine (8.6 mmol) were added to Mg 

turnings (17.3 mmol) in 10 ml THF. The only products re

covered were MgCl2, ^^^^^ phosphorus, and a black tar. 

(e) Cyclohexylphosphine (7.5 mmol) was added to 

dichloro-tert-butylphosphine (7.5 mmol) in 5 ml diethylether. 

The only product found' by P NMR was tetracyclohexyIcyclo

tetraphosphine. Mass spectra indicated a high molecular 

weight polymer and tetracyclohexylcyclotetraphosphine. 

(f) Cyclohexylphosphine (7.5 itimol) was added all at 

once to dichlorophenylphosphine (7.5 mmol) in 10 ml diethyl-

31 ether. P NMR indicated only tetracyclohexylcyclotetra-

phosphine. The low solubility of the phenyl containing pro

ducts prevented their identification by NMR. 

(g) Cyclohexylphosphine (3.7 mmol) was added all at 

once to dichloroisopropyIphosphine in 5 ml diethylether. 

31 

P NMR indicated only the presence of tetracyclohexyIcyclo

tetraphosphine . 

(h) Pentamethylcyclopentaphosphine and pentaphenyl

cyclopentaphosphine were mixed in a molar ratio of 5:1 and 

heated to 100° for 2 hrs in a sealed tube. The P NMR 

spectrum showed peaks for pentamethylcyclopentaphosphine, 

pentaphenylcyclopentaphosphine, and complex sets of peaks 

centered at -23.1, -16.4, and -13.5 ppm. The electrochemical 
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reduction gave a reduction potential at a -3.2 volts. This 

value lies in between the reduction potentials for penta

methylcyclopentaphosphine and pentaphenylcyclopentaphosphine 

An attempt to separate and identify the compounds in the 

mixture by the use of a gas chromatograph with a mass spec

trometer was unsuccessful and only decomposition products 

were obtained. 

Tensimetric Titrations 

(a) Pentamethylcyclopentaphosphine (0.1 mmol) and 

0.8 ml n-nonane were placed in a tensimeter. Boron trichlo

ride was condensed into the tensimeter in 0.1 itmiol amounts 

and allowed to warm to 0 . No adduct formation was noted. 

The titrations were repeated with boron trifluoride and 

again no adduct formation was noted. 

(b) The titrations were repeated using pentaethyl

cyclopentaphosphine with BCl, and BF-. Again, no adduct 

formation was noted. 

(c) Pentamethylcyclopentaarsine (0.1 mmol) and 

0.8 ml n-nonane were placed in a tensimeter. Boron tri

chloride was condensed into the tensimeter as with the 

cyclopolyphosphines. As the temperature was allowed to 

warm to 0°, a purple black polymer was formed in the tensi

meter. The titrations were repeated with boron trifluoride. 

A yellow 1:1 adduct was formed at temperatures below 0 ; 

however, at temperatures above 0 the adduct decomposed to 

a purple black polymer. 



CHAPTER III 

RESULTS 

PentamethyIcyclopentaphosphine 

Pentamethylcyclopentaphosphine, (CH^P)^., a vile 

smelling, light yellow, high boiling liquid is extremely 

air sensitive, as are the other liquid cyclopolyphosphines, 

and must be handled under an inert atmosphere. It can be 

prepared in the highest yields by the reduction of CH3PCI2 

with Li.^ The compound, (CH-P)^/ is one of the few alkyl-
5 

cyclopolyphosphines that molecular weight determinations 

17 and mass spectrometry have shown to be a five-membered 

ring. The '̂•'•p('''H) NMR spectrum of a neat sample of (CH^P) ̂  

gives a complex spectrum centered at -18.8 ppm (Figure 1). 

Albrand, Gagnaire, and Robert have recently analyzed the 

spectrum and have found it to be due to an AA'BB'C spin 

36 
system with the following parameters: 

AA' BB' 'AA' 'BB' 'AB AB AC BC 

-14.5 -16.3 -16.9 -310.3 -3.6 -236.4 -8.1 23.3 -248.3 
R 

20 
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If (CH^P)^ adopts the solid state structure that is 

found for (C^H^P)^^ or (CF^P)^,^^ then five unique chemical 
o p ' 

shifts would be predicted for five phosphorus atoms. 

Essentially two explanations have been presented to 

rationalize the 2:2:1 pattern in the five-membered rings: 

the "butterfly wag" of Wells, et, aĵ , and the time-average 

39 plane of West, et̂  al. The former mechanism proposed that a 

plane of symmetry is generated on the NMR time scale in the 

liquid phase by a combination of ring puckering, i.e. "but

terfly wag", and inversion at an individual puckering phos

phorus atom. West assumes that a time-average plane exists 

without inversion, thus producing a 2:2:1 magnetic environment 

31 There is a noticeable solvent effect on the P NMR 

chemical shift. The chemical shift in C^Dg is -17.3 ppm and 

is -17.0 ppm in CDCl^. Others have found a shift of -21 ppm 

5 31 
in CS^. This effect of solvent on the P NMR chemical 
shift is also observed for other cyclopolyphosphines. The 
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spectrum is well resolved with sharp peaks in C^D^ and is 
6 6 

poorly resolved in CDCl^. The poor resolution in CDCl is 

probably due to some type of interaction of the cyclopoly

phosphine ring with the solvent. 

13 1 
The C( H) NMR spectrum of (CH^P) (Figure 2) con

sists of three broad peaks in a ratio of 1:2:2 at -11.9, 
-9.52, and -5.55 ppm, respectively, from TMS. This result 

31 
is consistent with the P NMR spectrum which also exhibits 

three types of phosphorus atoms in a ratio of 1:2:2. The 

H NMR spectrum (Figure 3) gives a broad complex set of 

peaks at 1.50 ppm in CgDg. This complexity is due to long 

range phosphorus coupling. If the spectrum were phosphorus 

decoupled, only three peaks in a ratio of 1:2:2 from the 

three types of methyl groups should remain. This is the 

30 case for the (CH-As)^ five-membered ring. 

31 A high temperature study on the P NMR spectrum of 

(CH^P)- (Figure 4) showed only broadening of the peaks with 

the loss of resolution above 160 . Between 160 and 200 

(the high temperature limit for the XL-100-15 spectrometer) 

the spectrum broadened further and began to flatten out. 

The change in the spectrum is completely reversible as the 

temperature is lowered again to the ambient temperature of 

the spectrometer. 

(CH-,P) _ is, as are the other cyclopolyphosphines, 

a very weak base. Tensimetric titrations of (CH-P)^ with 
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Fig. 3 — H NMR Spectrum of Pentamethylcyclopentaphosphi m e 
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31 Fig. 4—High temperature P NMR spectra of 
pentamethylcyclopentaphosphine. 
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BF- and BCl^ indicated no association at 0 in n-nonane 

solvent. 

Pentaethylcyclopentaphosphine 

The ethyl substituted cyclopolyphosphine ring was 

originally thought to be a four-membered ring from molecular 

5 
weight determinations. Later molecular weight determina
tions showed a value intermediate between the tetrameric and 

9 

pentameric ethylcyclopolyphosphines. This intermediate 

value was thought to be due to a constant boiling azeotrope 

of the four- and five-membered ring compounds. A peak for 

the pentameric form has been detected in the mass spectrum of 
17 ethylcyclopolyphosphine; however, it was unknown whether 

the peak was from a higher molecular weight polymer, from a 

five-membered cyclopolyphosphine ring only, or from a mix

ture of four- and five-membered cyclopolyphosphine rings. 

Ethylcyclopolyphosphine is prepared in the highest 
5 

yields by the reduction of CH-CH2PCI2 with Li; however, it 

can be prepared much more cheaply by the method used by 

Rauhut and Semsel to prepare the n-butyl-cyclopolyphosphine. 

White phosphorus reacts with CH-CH2MgBr to give yields of 

ethylcyclopolyphosphine on the order of 10%. 

The P( H) NMR spectrum (Figure 5) of ethylcyclo

polyphosphine shows a complex set of peaks centered at -15.9 

ppm. The spectrum resembles the AA'BB'C spectrum of (CH^P)^. 

The chemical shift is approximately the same as that reported 
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by Henderson, et_ al̂  for the compound they postulated to be a 

5 31 

tetramer. No other P NMR peaks were found for the sample. 

The boiling point of the sample is also very similar to that 

reported for Henderson's tetramer and the postulated mixture 
g 

of the tetramer and pentamer. The Raman and ir spectra are 

also identical to those found in the literature.'^^ The pro

ton spectrum for ethylcyclopolyphosphine gives two broad 

peaks^in a ratio of three to two at 1.32 ppm and 2.00 ppm 

from TMS, respectively. The •̂ C(-̂ H) spectrum was recorded, 

but the broadening and overlap of signals from the methyl and 

methylene carbons made the spectrum difficult to interpret. 

The ethylcyclopolyphosphine, like (CĤ P)t., is a very 

weak base. No adduct formation was noted in the tensimetric 

titration of the ethylcyclopolyphosphine with BF_ or BC1-. 
40 Cowley and Pinnell, however, have reported adduct formation 

of ethylcyclopolyphosphine with BF^, BC1_, and BBr-. The 

adducts were prepared by bubbling the boron halide through a 

benzene or hexane solution of ethylcyclopolyphosphine. It is 

possible, however, that these compounds are the result of 

ring opening, as is. the case for some of the metal carbonyl-
41 cyclopolyphosphine adducts. 

Penta-n-propylcyclopentaphosphine 

The n-propyl substituted cyclopolyphosphine was first 

5 
prepared by Henderson, £t al̂  and was reported to be a four-
membered ring. However, no evidence for the ring size was 
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presented. Cowley and Pinnell later found evidence for the 

presence of the five-membered ring by mass spectrometry."^^ 

The n-propylcyclopolyphosphine like the previous cyclopoly

phosphines can be prepared by Rauhut and Semsel's method."'" 

The yield was approximately 20%, which was the highest ob

tained for the cyclopolyphosphines made by this method. 

31 1 
The P( H) NMR spectrum (Figure 6) shows a complex 

set of peaks centered at -13.1 ppm. No other peaks were 

found in the spectrum. As was the case for the ethylcyclo

polyphosphine ring, the spectrum is similar to the AA'BB'C 

spectrum of (CH^P)^. The -̂̂ P NMR chemical shift and the 

boiling point for the n-propylcyclopolyphosphine are similar 

to those reported for the four-membered ring postulated by 
5 

Henderson. 

Penta-n-butyIcyclopentaphosphine 

The n-butyl substituted cyclopolyphosphine was origi

nally prepared by two groups, Henderson, et̂  al̂  and Rauhut 

and Semsel. Both groups reported the n-butylcyclopolyphos-

phine to have a four-membered ring. Henderson presented no 

evidence for the ring size and Rauhut and Semsel reported a 

molecular weight of 37 9, which is intermediate betv/een the 

value for the tetramer and pentamer. As was the case with 

the ethylcyclopolyphosphine and the n-propylcyclopolyphos-

17 
phine, Cowley and Pinnell found evidence for the five-
membered ring by mass spectrometry. 
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31 1 
The P( H) NMR spectrum (Figure 7) consists of a 

complex set of peaks centered at -13.4 ppm. The spectrum is 

similar to those obtained for the methyl-, ethyl-, and n-

propylcyclopolyphosphines. The "̂'•p NMR chemical shift and 

boiling point are also similar to those reported for the 

postulated tetramers of Henderson and Rauhut."^ 

Tetraisopropylcyclotetraphosphine 

The isopropyl substituted cyclopolyphosphine was 

first prepared by Henderson, et aa and was reported to be 

a four-membered ring. No supporting evidence was given for 

this structure other than an elemental analysis. A "̂"̂P NMR 

chemical shift of +66 ppm was also given. Rauhut and Semsel's 

method of preparation can also be extended to include the 

isopropylcyclopolyphosphine ring. The cyclopolyphosphine pre-

31 pared in this manner has a boiling point and P NMR chemical 

shift near those reported for the four-membered ring of Hen-

5 3 1 1 derson. The P( H) NMR spectrum was recorded again after 

approximately one year's time and in addition to the singlet 

at +61.8 ppm, a complex set of peaks was found at -13.5 ppm 

(Figure 9). This set of peaks indicates the possibility 

that the four-membered ring has decomposed to a more thermody-

namically stable ring size. This new compound is most likely 

the pentamer. This assignment is made because of the chemi-

31 cal shift and multiplicity of the P NMR spectrum (Chapter 

IV). The compound was not isolated from tetraisopropylcyclo-

polyphosphine. 
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34 

P nmr of (i-PrP)4 

H decoupled 

< 50 Hz 

^ H^w'tJ^t'^'iify^ir^'*''^^ 

+62.4 ppm 
31 1 Fig. 8— P( H) NMR spectrum of tetraisopropyl-

cyclotetraphosphine 



35 

P nmr 
of (i-PrP)R 
1 ^ 
H decoupled 

50 Hz 
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Fig, 9— •'•p(-'-H) NMR spectrum of 
pentaisopropylcyclopentaphosphine 
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Tetra-sec-butylcyclotetraphosphine 

The sec-butyl substituted cyclopolyphosphine has not 

been previously reported in the literature. It can be pre

pared either by the reduction of sec-C.H PCl^ with Mg or by 

the Grignard reaction on white phosphorus. An elemental 

analysis has shown that it consists of (C.HQP) units. The 
4 9 

compound, like the other liguid cyclopolyphosphines is a 

pungent smelling, high boiling point liguid which is very 

air sensitive. When exposed to air, the sec-butylcyclopoly-
31 1 phosphine develops a murky appearance. The P( H) NMR 

spectrum (Figure 10) shows a complex array of peaks centered 

at +65.5 ppm. 

Tetra-tert-butyIcyclotetraphosphine 

The tert-butyl substituted cyclopolyphosphine cannot 

be prepared by the Grignard reaction of white phosphorus; 

reduction of t-C.HQPCl2 by Mg gave the cyclopolyphosphine in 

approximately 90% yield. It is a white crystalline solid 

with a melting point of 161^-162°. Unlike the other solid 

cyclopolyphosphines, tert-butylcyclopolyphosphine can be 

purified by sublimation. Tert-butylcyclopolyphosphine is 

very soluble in most organic solvents. It is very air sen

sitive in solution and is slowly oxidized in the crystalline 

state. Molecular weight determinations by Issleib and Hoff-

man^^ gave a value of 352 for tert-butylcyclopolyphosphine. 

This agrees completely with its assignment of a tetramer. 



P nmr 
of (sec-BuP) 

H decoupled 

37 

50 Hz 

+65.5 ppm 

Fig. 1 0 — P ( H) NMR spectrum of 
tetra-sec-butyl-cyclotetraphosphine 
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The mass spectrum also gives a parent peak of m/e = 352, and 

peaks corresponding to consecutive losses of tert-butyl groups 

at m/e = 295, 23 8, and 181. The most abundant peak was at 

m/e = 57 corresponding to tert-butyl . The Raman spectrum 

gives peaks at 171 and 208 cm" , which fall in the area des-

ignated by Amster, et̂  al for P. deformations for other 

alkyl cyclopolyphosphines. A peak at 421 cm" falls in the 

range designated as a symmetric P. ring stretch, while the 

peak at 492 cm falls' in the asymmetric ring stretch area. 

The strong band at 587 cm is near the area designated for 

P—C stretching frequencies. The ir spectrum, however, does 

give a peak at 721 cm which is nearer the normal P—C 

31 1 stretching frequency range. The P( H) NMR spectrum (Figure 

11) of tert-butylcyclopolyphosphine gives a sharp singlet at 

+57.3 ppm (compared to a value of +57.8 ppm recorded by Is

sleib and Hoffman.) The H spectrum (Figure 12) of tert-

butylcyclopolyphosphine shows the long range phosphorus cou

pling with the protons in the tert-butyl group. 

Tetracyclohexylcyclotetraphosphine 

Tetracyclohexy1tetraphosphine, ^^gH^^P)^, is the only 

alkylcyclopolyphosphine that has had its structure completely 
12 

determined. Crystal studies have shown that the cyclo-

hexylcyclopolyphosphine consists of a four-membered ring with 

the eyelohexy1 groups alternating around the ring in a trans 
5 

manner. Isopiestic molecular weight determinations have 
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1 
P nmr of (t-BuP)4 

H decoupled 

•25 Hz > 

+ 57.2 ppm 

Fig. 11—^^P(^H) NMR spectrum of 
tetra-tert-butylcyclotetraphosphine 
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1 H nmr of (t-BuP), 

25 Hz 

Fig. 12— H NMR spectrum of 
tetra-tert-butylcyclotetraphosphine 
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given a value of 438, which is lower than that for the tetra

mer (456); however, this appears to be the case in most of 

the solution molecular weight determinations for cyclopoly

phosphines. 

^^6^11^^4 ^^ relatively insoluble in most solvents 

and is stable to air oxidation even after several years. 
31 1 

The P( H) NMR spectrum (Figure 13) of (C^H,,P), in C^D^ 
o 11 4 6 6 

consists of a sharp singlet at +68.9 ppm (width at half 

height 2 Hz). The position of the chemical shift is very 

near the shift reported by Henderson, et al̂ ^ of +70 in CS^. 

The mass spectrum of (CgH^^^P)^ indicates a parent peak at 

m/e = 456, with the subsequent loss of the cyclohexyl groups 

to give peaks at m/e = 373, 290, 207, and 124. Other peaks 

in the spectrum include: m/e = 342, (c-hexP)^; 176, c-hexP̂ "̂ , 

114, c-hexP ; and 83, c-hex . The Raman spectrum gives 

peaks at 152, 116, and 185 cm""̂  in the P. deformation area, 

at 434 cm in the symmetric P. stretch area, and at 494 cm" 

in the P. asymmetric ring stretch area. The ir spectrum 

showed a peak at 721 cm which can be assigned as a P—C 

stretch. 

Pentaphenylcyclopentaphosphine 

Pentaphenylcyclopentaphosphine, (C^H_P)_, was proba-
2 

bly first prepared in 1877 by Kohler and Michaelis. The 

compound was assigned the formula C^H-P = PC^H-, and was 

called 'phosphobenzene' from an analogy with azobenzene, 
4 

CgHgN = NCgH^. Kuchen and Buchwald in 1958 found evidence 
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that phosphobenzene was a four-membered ring by molecular 

weight determinations. Since then several other isomeric 

forms of phosphobenzene have been prepared and designated 

as forms A, B, C, and D. Molecular weight data had shown 

that forms A and B possess four-membered rings v/hile C and D 

are polymers. Form A (the compound referred to as phospho

benzene, mp 148 -150 ) has since been found to be a five-

membered ring in crystalline form. However, it is still 

thought by some that it reverts to a four-membered ring in 
o 

solution. 

The "̂•'•P(-̂H) NMR spectrum (Figure 14) of (C^H^P) ̂  
6 5 5 

in THF consists of a complex multiplet centered at +4.7 ppm. 

This multiplet, which resembles the AA'BB'C pattern found 

for (CH^P)^, indicates that (CgHcP)c is a five-membered ring 

in solution as well as in the crystalline state. The H NMR 

spectrum in CS2 exhibits absorptions at 7.04, 7.19, 7.13, 

and 7.25 ppm (relative to TMS) in order of decreasing inten

sity and a broad band at 7.72 ppm. The melting point, 149 -
o 5 

150 , agrees very well with the reported values for (CgHcP)c. 
5 15 

The ir and Raman spectra also agree with the literature 

spectra. The ir spectrum below 600 cm , which has not 

previously been reported, consists of peaks at 495 (w) , 486 

(w) , 475 (w) , 462 (vw) , 450 (w) , 418 (vw) , 394 (vw) , and 

260 (vw). (C^H^P)_ is stable to air oxidation in the solid 

State, but is oxidized rapidly in solution and must be 

handled under an inert atmosphere. The oxidation product, 
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^6^5^^^^^^2' ^^^ ^ melting point of 150°, which is very near 

the melting point of (C^H^P)^, 148°-150°. The oxidized pro

duct can be detected very easily, however, by its ir spectrum, 

which exhibits very broad peaks between 900 and 1250 cm"''". 

HexaphenylcyclohexyIphosphine 

HexaphenyIcyclohexyIphosphine, (C,H^P)^, or form B 
O D D 

of 'phosphobenzene', has been shown to be a hexamer in the 
7 

crystalline state and like pentaphenylcyclopentaphosphine 

is thought to be a four-membered ring in solution. Two values 

31 1 
for the Fourier Transformed P( H) NMR chemical shift have 

been reported. Albrand and Robert found a chemical shift of 

42 
-3.9ppm, while Hoffman and Caulton found a chemical shift 

20 of +22.7 ppm. Both spectra consisted of sharp singlets. 

In a sample prepared by the method of Henderson, et̂  al̂ , we 

31 1 were unable to obtain a P( H) NMR spectrum due to the low 

solubility of hexaphenylcyclohexaphosphine. The ir spectrum 
5 

of our sample was identical with the literature spectrum. 

The unreported ir spectrum below 600 cm consists of only 

three peaks at 490 (w), 422 (w), and 375 (w) cm" . The ir 

spectrum of pentaphenylcyclopentaphosphine consists of eight 

peaks in this region. The ir spectrum below 600 cm may 

therefore be used to distinguish between the five- and six-

membered phenylcyclopolyphosphines, whereas above 600 cm 

there is very little difference in the spectra. 
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Pentafluoroethylcyclopolyphosphines 

The pentafluoroethylcyclopolyphosphines were first 

reported by Cowley, Furtsch, and Dierdorff"^^ as a mixture of 

a trimer and a tetramer. The assignment of a trimer to the 

more volatile compound was based on molecular weight determi

nations which gave a value of 446 (calcd 450 for trimer) and 

the compound's mass spectrum which cut off at m/e = 450. The 

19 

F NMR spectrum gave resonances at +86.9 and +104.6 ppm rela

tive to CFC1-. Elmes, Redwood, and West reported the penta-

fluoroethylcyclopolyphosphine system to be composed of a te

tramer and a pentamer. The pentamer was reported to have a 

boiling point of 73 /51 mm. This boiling point corresponds 

to the boiling point the trimer prepared by Cowley would have 

at 51 mm. West's assignment of a pentamer was based on mass 

spectral data which gave a parent ion at m/e = 750. West 
31 recorded a P NMR chemical shift of +144.2 ppm for the 

28 19 pentamer and +71.9 ppm for the tetramer. West's F NMR 

spectrum for the pentamer does differ slightly from Cowley's 

spectrum for the trimer. The spectrum contains three reso

nances at +84.2, +99.8, and +104.3 ppm relative to CDCl^. 

West noted that after several weeks at room tempera-

28 
ture, there was a 100% conversion of pentamer to tetramer. 

Lavrent'ev, et al found the opposite, that is, conversion of 

the tetramer to the pentamer, when the cyclopolyphosphines 

were heated to 145^-183°. However, the boiling point of 

Lavrent'ev's pentamer corresponds to Cowley's and West's 
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tetramer and the boiling point of Lavrent'ev's tetramer cor

responds to West's pentamer and Cowley's trimer. Lavrent'ev's 

only characterization of the compounds was by cryoscopic 

molecular weight determinations. 

In a sample provided by Cowley, which had previously 

contained both the trimer and tetramer, we found that the 
31 19 
P( F) NMR spectrum showed only a singlet at +72.9 ppm. 
31 19 

The P( F) NMR spectrum of a freshly prepared sample of the 

pentafluoroethylcyclopolyphosphines gave a singlet at +72.9 

ppm and a multiplet at +145.1 ppm. The multiplet at +145.1 

ppm can be duplicated by calculating line positions and rela

tive intensities for an AB spin system. 

Assuming that the shift for V is given by line 

three in the spectrum and that the shift for V_ is given by 

the mean of lines five and seven, V -V from the experimental 

spectrum gives a value of 140 Hz. Using a value of 168 Hz 

for Ĵ vD' ^ calculated spectrum is produced (Figure 15 a) 

which nearly duplicates the experimental spectrum (Figure 15 

b) . This indicates that the "̂"̂P NMR chemical shift of +144.2 

ppm, which West recorded for the pentamer, was actually an 

AB^ spin system of a trimer. West's mass spectral data for 

the pentamer might have been due to rearrangement of the tri

mer in the mass spectrometer. This data also indicates that 

there is conversion of the trimer to the tetramer at room 

temperature as the multiplet at +145.1 ppm slowly disappears 

with resultant increase of the singlet at +72.9 ppm. This 
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0. '8 

(a) 

^A 'B 

(b) 

Fig. 15—(a) Calculated '̂ •̂ P(-'-̂ F) NMR spectrum of tris-
(pentafluoroethyl)cyclotriphosphine; (b) Experimental 31p(19F) 
NMR spectrum of tris(pentafluoroethyl)cyclotriphosphine 
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is consistent with the fact that the sample provided by 

Cowley contained only the tetramer. 

Heptafluoro-n-propylcyclopolyphosphines 

West has also reported the preparation of the tetra

meric and pentameric forms of the heptafluoro-n-propyl sub

stituted cyclopolyphosphines. •^ The tetramer and pentamer 
, . 31 
had P NMR chemical shifts of +66.4 and +141.4 ppm, respec-

28 
tively. Mass spectrometry was used to identify the com-

19 
pounds. F NMR data was also presented. 

A sample of heptafluoro-n-propylcyclopolyphosphine 

that was prepared by the procedure used by West gave a 

31 19 

P( F) NMR spectrum which showed only a sharp singlet at 

+62.6 ppm. No peaks were observed in the +140 ppm region. 

This is not surprising, however, for only a small amount of 

a mixture of the two compounds was formed. A multiplet 

would be much more difficult to detect than a singlet, due 

to the fact that the intensity of the signal would be dis

seminated over a larger area and therefore would be lost in 

the noise of the spectrometer. The use of Fourier Transformed 
31 19 
P( F) NMR would be necessary to determine the existence 

or non-existence of peaks in the +140 ppm area. 

Dimethylamine Substituted Cyclopolyphosphine 

Due to the fact that tetrakis(dimethylamine)diphos-

phine can be prepared by the reduction of (N(CH.)2)^PCl with 

Na, an attempt was made to synthesize a dimethylamine 

TEK'S Iz^H HB-̂ ARY 
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substituted cyclopolyphosphine. The reaction of Na with 

(N(CH2)2)PCl2, however, gave only (N(CH^)2)3P, (N(CH3)2PC1, 

(N(CH2)2)PCl2, and a black tar. No other compounds could 

be detected in the reaction mixture. 

Cyclopolyphosphines with Mixed Substituents 

The only evidence in the literature for the existence 

of mixed substituents on a cyclopolyphosphine ring comes 

from the mass spectrum of a mixture of pentamethylcyclopenta

phosphine and pentaethylcyclopentaphosphine which had been 

previously heated to 100°. The mass spectrum showed peaks 

corresponding to: CH^ (C2H5) ̂ P^"^, (CH^) 2 (C2H^) ̂ P̂ "̂ , 

(CH2)3(C2H5)2P"*', and (CH^) ̂  (C2H^) p"̂ . A mixture which had not 

previously been heated to 100° showed no mixing of the 

substituents. 

A five-to-one molar ratio of (CH-̂ P) ̂  and (C^H-P)^, 
J D O D D 

which had previously been heated to 100°, gave P NMR peaks 

for (CH-P)_ and complex peaks centered at -23.1, -16.4, and 

-13.5 ppm. An electrochemical reduction of the mixture gave 

a reduction potential for (CH^P)_ and a potential at -3.2 

volts. This value lies between the reduction potential for 

(CH^P)c and (CgHcP)c« This data indicates that rings with 

mixed substituents might be present; however, an attempt to 

separate and identify the compounds in the mixture by the 

use of a gas chromatograph with a mass spectrometer was un

successful and only decomposition products were obtained. 
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No attempt to prepare mixed cyclopolyphosphine rings 

by a direct synthesis has been previously reported in the 

literature. Two types of synthesis were used to try to pro

duce mixed cyclopolyphosphine rings: (1) the reduction of 

two different alkyl (or aryl) phosphonous dichlorides with 

an active metal, RPCI2 + R'PCl2 + M, and (2) the coupling 

of an alkyl (aryl) phosphonous dichloride with an alkyl 

(aryl) phosphine which has a different substituent, RPCl^ + 

R'PH2. When a mixture^of CH3PCI2 and C^H PCI2 was reduced 

with Li, only LiCl, white phosphorus, and a black tar were 

produced. No cyclopolyphosphines mixed or unmixed could be 

detected in the reaction mixture. The Mg reduction of 

CgH^^PCl2 and t-C.HQPCl2 gave similar products. In the re

action of CgH^^PH2 with t-C^HgPCl2, and i-C.H-PCl2, only 

(CgH,,P) . could be detected. In the reaction of CgH^,PH2 

with CH-,PC1^, both (C^H^-P) . and (CH.P) _ were found. The 3 2 6 11 4 3 5 

reaction of CH-PCl^ and Ĉ Hc-PĤ  also gave only the unmixed 

rings, (CH^P)- and (C^Hc)-. No mixed cyclopolyphosphine 

rings, (RP-R'P) , could be detected in any of the reactions 
31 1 by either P( H) NMR, or mass spectrometry. 



CHAPTER IV 

DISCUSSION 

After examining alkyl-, aryl-, and perfluoroaryl-

cyclopolyphosphines by several techniques, we have found a 

relatively simple method of determining the ring size in 

cyclopolyphosphines in solution. The undecoupled "̂•'"P NMR 

spectrum gives little information on ring size; however, 

much can be learned from the proton (or fluorine) decoupled 
31 

P NMR spectrum. We have found that three-, four-, and 

five-membered cyclopolyphosphine rings, which constitute 

all known cyclopolyphosphines except for hexaphenylcyclo

hexaphosphine, can be distinguished in solution simply by 
31 recording the P NMR spectrum of the sample while decoupling 

all other nuclei in the molecule with spin. The phosphorus 

atoms in four-membered rings have lone pairs which alternate 

in a trans manner around the ring (Figure 16 b). This is to 

be expected in order to minimize lone-pair—lone-pair and 

R-group—R-group interactions, and it is also the case for 
T O Ad 

all known crystal structures. ' Assuming only that the 

pendant R groups are symmetry equivalent on the NMR time 

scale, then the four phosphorus atoms all belong to a single 
31 set of magnetically equivalent nuclei. The decoupled P NMR 

spectrum should collapse to a singlet because the magnetically 

equivalent set of phosphorus atoms are coupled to no other 

nuclei. 
52 
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An analogous example would be 100% C enriched 

benzene. The C NMR spectrum and/or the •'"H spectrum would 

be extremely complex second order multiplets: the six chemi

cally shift equivalent carbon atoms are not magnetically 

equivalent because of non-equivalent coupling to each proton 

(which themselves constitute a similar chemically shift 

equivalent, magnetically non-equivalent spin set). However, 

H decoupling the C spectrum or "'""̂C decoupling the "'"H 

spectrum would produce a singlet A, spectrum, as is '^^C 

benzene. 

The three- and five-membered cyclopolyphosphine 

rings cannot have symmetric trans alternation of phosphorus 

lone pairs around the ring (Figure 16 a,c). The phosphorus 

nuclei belong, then, to an AB^ spin system for a three-

membered ring, and to an AA'BB'C or an ABCDE spin system for 

a five-membered ring. Decoupling of the pendant R groups 

with spin will not yield a singlet, but rather a second 

order AB spectrum for three-membered rings and a ABCDE or 

AA'BB'C spectrum for five-membered rings. The AA'BB'C 

spectra have recently been analyzed for the five-membered 

27 43 

methyl and perfluoromethy1 cyclopolyphosphine rings. 

As previously discussed, if the five-membered cyclo

polyphosphine ring adopts the solid state structure that is 

found for (CgH-P)^ or (CF-P)_, then five unique chemical 

shifts and an ABCDE spin system would be predicted for the 
19 1 molecule. The F and H NMR spectra of the cyclopolyarsines, 
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(a) 

9 ^ 
R 

(b) (c) 

(d) 

Fig. 16—(a) cyclotriphosphine; (b) cyclotetraphos
phine; (c) cyclopentaphosphine and (d) cyclohexaphosphine 
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(CF^As)^ and (CH As)^ show only a 2:2:1 pattern of three 

peaks. The "̂ •'•p(lH) and "̂"'•p (-"-̂F) NMR spectra also indicate 

only three chemical shifts and an AA'BB'C spin system for 

(CH^P)^ and (CF^P) , respectively. The rings must therefore 

generate a time averaged symmetry plane in solution, which 

can be accomplished by the "butterfly wag" of Wells^^ (which 

involves both a ring puckering motion and inversion at the 

39 puckering atom) or by the time averaged plane of V7est. 

The equivalence of all five phosphorus atoms would 

require both torsional ring puckering and rapid inversion at 

all phosphorus atoms. It is now known that the latter pro

cess is generally much slower than umbrella inversion at 

nitrogen and has a barrier to inversion of about 32 kcal/ 

47 mole. This equilibration of phosphorus atoms, however, 

does not appear to be the case even at high temperatures, 

as both the -̂̂ P ("""H) NMR spectra of (CH^P) ̂  and {C^E^I') ^ 

remain multiplets at 200 . 

The six-membered hexaphenylcyclohexaphosphine ring, 

like the four-membered rings, has lone pairs which alternate 

around the ring in a trans manner (Figure 16 d). The proton 

decoupled P NMR spectrum of hexaphenylcyclohexaphosphine 

should collapse to a sharp singlet as do those of the four-

membered rings. 
31 We have examined the P NMR spectra of several 

cyclopolyphosphines, (RP) , and have found sharp singlets 

(width at half height from 0.3 to 2 Hz) upon H decoupling 



56 

for the cyclopolyphosphines with R = tert-butyl, cyclohexyl, 

isopropyl. This indicates to us that these cyclopolyphos

phines are four-membered rings in solution. The pentacyclo-

polyphosphines, (RP)5f R = phenyl and methyl yield complex 

spectra upon H decoupling. The multiplet observed for 

phenylcyclopolyphosphines gives definite proof that the 

five-membered ring remains intact in solution and does not 

convert to a tetramer. Ethylcyclopolyphosphine was origi-

nally believed to be tetrameric and more recent investiga

tions concluded possibly that both four- and five-membered 

9 
rings existed. We find evidence only for the existence 

of pentaethylcyclopentaphosphine. Upon H decoupling, only 

31 a P NMR multiplet is apparent. If any tetramer exists, 

it is less than ca. 5%. In addition, we have found that 

n-propyl- and n-butylcyclopolyphosphines are pentamers and 
5 

not tetrameters as previously reported. Both exhibit only 

'̂•̂P NMR multiplets. 

We have also examined the perfluoroethylcyclopoly

phosphine system and have found a sharp singlet for the 

P NMR resonance at +72.9 ppm and an AB2 spectrum for the 

"̂•̂P NMR resonance at +145.1 ppm (J^g = 170 + 10 Hz). This 

indicates to us that the perfluoroethylcyclopolyphosphine 

consists of a mixture of the three- and four-membered cyclo

polyphosphine rings and not four- and five- as thought by 

28 
some. 

The perfluoro-n-propyl system was also examined; 



57 

however, only a sharp singlet at +62.6 ppm was observed. 

This singlet was attributed to the four-membered ring. The 

resonance that had previously been reported at +141.4 ppm 

for the five-membered ring was not observed, possibly due 

to the small amount of compound formed. However, due to the 

31 
fact that the P NMR shift at +141.4 ppm is similar to that 

of the three-membered perfluoroethylcyclopolyphosphine ring, 

it is probable that this "̂"̂P NMR shift is also due to a 

three-membered ring and not a five-membered ring. 

After correcting the reported ring size of ethyl-, 

n-propyl-, and n-butylcyclopolyphosphines and clarifying 

the ring sizes in the perfluoroethylcyclopolyphosphines, 

we find that the T> NMR chemical shift of cyclopolyphos

phines to be indicative of ring size. Five-membered rings 

all occur between -20 and +10 ppm relative to 85% H-PO., 

four-membered rings occur between +50 and +75 ppm, and 

three-membered rings occur between +140 and +145 ppm (Table 2) 

If one uses this criterion, then the previously 

31 reported P NMR chemical shifts may be used to assign or 

reassign ring size to cyclopolyphosphines which were not 

included in the present work. The already confirmed struc

tures of (CF^P)^, "̂  +74.3, and (CF^P)^,^^ -8.7, have chemi

cal shifts that fall within the expected ranges. As previ

ously mentioned, the compound reported as (n-C-̂ F-P) ̂  is most 

31 likely a three-membered ring. From the P NMR chemical 

shifts of (NCCH2CH2P)4,^ -2 ppm, and (n-CgH^^P)^,^ -13 ppm, 



TABLE 2 

DECOUPLED •̂'•P NMR SPECTRA OF 
SEVERAL CYCLOPOLYPHOSPHINES 
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R 

CH3 

CH3 

S«5 

n-CjH, 

n-C3H, 

n-C^Hg 

C6«5 

i-S«7 

t-C^Hg 

cyclo-CgHj^j^ 

sec-C^Hg 

"̂"̂ 3̂ 7 

i-C3H, 

n-CjF, 

^2^5 

C2F5 

Ring 
Size 

5 

5 

5 

5 

5 

5 

5 

5* 

4 

4 

4 

4 

4 

4 

4 

3 

Solvent 

<=6°6 

neat 

neat 

neat 

^̂ 6̂ 6 

neat 

THF 

(i-C3H^P)4 

^6^6 

^6°6 

neat 

C6°6 

neat 

<̂ 6°6 

neat 

(CjFgP)^ 

Chemical 
Shift 

-17.3 

-18.8 

-16.0 

-13.1 

-11.6 

-13.4 

+4.7 

-13.5 

+ 57.3 

+68.9 

+65.5 

+61.8 

+62.2 

+62.6 

+72.9 

+145.1 

Multiplicity 

complex 
multiplet 

complex 
multiplet 

complex 
multiplet 

complex 
multiplet 

complex 
multiplet 

complex 
multiplet 

complex 
multiplet 

complex 
multiplet 

singlet 

singlet 

complex 
multiplet 

singlet 

singlet 

singlet 

singlet 

multiplet J^^= 

170 ± 10 Hz 

•Decomposition of (i-C^H^P)^, not isolated 
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the reassignment of ring size from four to five can be made. 

The cyclopolyphosphines ((C2H5)2CHP)^,^ +70, and (C^F^P)^,^^ 

+67, have chemical shifts that fall within the appropriate 

area for four-membered rings. The chemical shift of +48.3 

ppm, which has been reported from the heating of (C^H^P)c 
6 5 5 

above its melting point, °'^^ may be due to rearrangement of 

the pentamer to a tetramer. The chemical shift, +48.3 falls 

very near the region designated for four-membered rings, 

+50-+75 ppm. 

Based on the fact that the sec-butyl group is an 

alpha-branched substituent, the prediction of ring size for 

(sec-C^HgP)^ is for that of a tetramer. The chemical shift 

of +65.5 ppm is in total accord with this prediction. The 

chirality of the P-bonded carbon atom considerably compli-
31 1 cates the P( H) NMR spectrum, however. By denoting the 

chirality of the sec-butyl group as d or 1̂  in the cyclo

tetraphosphine, the following phosphorus spin systems are 

possible: dddd or 1111, A.; dddl or llld, A^BC; cis-lldd, 

AA'BB'; trans-ldld, A-B^. Statistically, the A. spin system 

should constitute 12.5% of the isomers; A BC, 50%; AA'BB', 

25%; and A^B., 12.5%. The simplest spin systems are there-

31 1 fore present in the samllest quantities. Indeed, the P( H) 

NMR spectrum is extremely complex due to the overlap of the 

resonances of the four diastereomers. No attempt was made 

to further analyze the spectrum. 

The electrochemical reduction of several alkyl tetra-
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and pentacyclopolyphosphines as well as the penta- and 

hexaphenylcyclopolyphosphines yield reduction potentials 

which appear to be almost solely dependent on the inductive 

effect of the pendant organic group. No effect of ring 

size on the reduction potential was observed. A linear 

relationship (Figure 17) exists between the inductive effect 

of the organic moiety (in this case represented by the Taft 

51 

constant) and the reduction potential E .^ of the cyclo

polyphosphines, regardless of ring size. It is known that 

the electron transfer during electrochemical reduction 

occurs to an orbital formed as a consequence of the ring 

formation, inasmuch as the primary phosphines and biphos-

52 phines are electroinactive. The observation that the 

energy of this orbital appears to be a direct function of 

the exocyclic organic group and is independent of the ring 

size of the cyclopolyphosphine strongly argues against any 

type of p-pi—d-pi delocalization of phosphorus lone pairs 

around the ring into neighboring empty phosphorus 3d orbitals 

if such delocalization were to occur, the orbital energy of 

the symmetric four-membered rings could be expected to be 

considerably different from that of the pentacyclopolyphos-

53 
phines where a break in orbital symmetry must occur. It 

appears, then, that pi bonding is of negligible importance 

in general. 

As can be seen in Figure 18, an essentially linear 

31 relationship exists between the P NMR chemical shift and 
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the average P-P-P bond angle of the solid state structure. 

The greater the ring strain, as measured by the endocyclic 

phosphorus bond angle, the more upfield the chemical shift. 

This observation is in qualitative accord with the extremely 

high chemical shift of +450 ppm for the strained P tetra

hedron. If the "̂•'•p NMR chemical shift of +22.7 ppm found 

20 
by Caulton is used to define the point on the graph for 

hexaphenylcyclohexylphosphine, then (C^H.P)^ obeys this 
o 5 o 

linear relationship (Figure 18). If the chemical shift of 

-3.9 ppm as found by Albrand is used it does not obey 

this relationship. This indicates that the chemical shift 

of +22.7 ppm is the correct one and that the chemical shift 

at -3.9 ppm is most likely due to an oxidation product. The 

fact that the chemical shift of +22.7 ppm does not fall near 

the region designated for four-membered rings indicates 

that hexaphenylcyclohexaphosphine retains the integrity of 

the six-membered ring in solution. 

The determining factor in the ring size of the 

alkylcyclopolyphosphine appears to be steric crowding of the 

pendant organic groups, with four-membered rings being fa

vored when the organic group is bulky, e.g. cyclohexyl, t-

butyl, or i-propyl. The five-membered rings all contain 

substituents with unbranched carbon atoms bonded directly to 

the phosphorus. The isopropyl group is a border line case in 

size, as a sample of tetraisopropylcyclotetraphosphine was 
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found to contain approximately 30% pentaisopropylcyclopenta-

phosphine (complex second order spectrum centered at -13.5 

ppm) after being stored in an NMR tube for over a year. No 

other samples of alkylcyclopolyphosphines were found to con

tain mixtures of different ring sizes even after a year's 

time. In the aryl- and perfluoroalkylcyclopolyphosphine 

rings, steric crowding is not the dominant factor as it is 

with the alkylcyclopolyphosphines. The phenylcyclopoly

phosphines exist as five- and six-membered rings, while the 

perfluoroalkylcyclopolyphosphines can be either mixtures of 

three- and four- or four- and five-membered rings. The 

fact that both the phenyl and the perfluoroalkyl groups are 

electron withdrawing while the alkyl groups are not might 

account for the difference. The factors that govern the 

ring sizes in the cyclopolyphosphines also appear to govern 

the ring sizes in cyclopolyarsines. All known cyclopoly

phosphines and cyclopolyarsines with the same substituent 

with a single exception consist of the same ring size. The 

exception is the lack of evidence for the existence of a 

five-membered phenyl substituted arsenic ring. 

An attempt was made to correlate ring size with 

Raman spectra; however, no trends were observed which could 

be used to distinguish four- and five-membered rings. All 

compounds had two strong peaks in the area of 390-495 cm 

(cyclohexylcyclopolyphosphine had three), one in the 390-

435 cm"''' area and one in the 465-490 cm" area. These 
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correspond to the areas designated by Henderson, et al as 

the symmetric and asymmetric ring stretching frequencies, 

respectively. Most had three peaks of moderate intensity 

in the 165-290 cm area which Henderson describes as P-P-C 

deformations and ring stretches. All had one weak to moder

ate peak in the 355-370 cm""'" area, which also is in the 

region of P-P-C deformations and ring stretches. 

The mass spectra of the solid cyclopolyphosphines 

normally gave parent peaks. The liquid cyclopolyphosphines 

usually did not give parent peaks, however there was dif

ficulty in introducing the air sensitive, nonvolatile 

cyclopolyphosphines into the mass spectrometer. This dif

ficulty and the ones previously mentioned prevented mass 

spectrometry from being an efficient method for determining 

ring size. 

To try to further understand the dependence of ring 

size on steric crowding, several attempts were made to pre

pare mixed cyclopolyphosphine rings with both branched and 

nonbranched substituents. Also, an attempt was made to pre

pare four-membered rings with tv/o different bulky groups. 

These preparations should yield cyclopolyphosphines with 

A-B^ and AA'BB' spin systems. 

The attempts to prepare mixed cyclopolyphosphine 

rings, (R'P-RP) , by the reaction of an alkylphosphine with 

an alkyldichlorophosphine gave only unmixed rings, (RP)ĵ  ^^^ 

(R'P) . The presence of these unmixed rings is very 
n 
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surprising as the formation would have to involve several 

bond rearrangements. In each of these reactions immediate 

release of HCl was observed; however, no product formation 

was noted for several minutes. The unmixed rings were also 

obtained in the absence of solvents. These reactions might 

possibly be monitored by Fourier Transform P NMR to try 

to observe the formation and disappearance of intermediates, 

in order to gain some insight as to the reaction mechanisms 

involved. 

The attempts to prepare mixed rings by the reduction 

of two different alkyldichlorophosphines with an active metal 

were also unsuccessful. These reductions gave the metal 

chloride, a black tar, and white phosphorus. 

In order to try to reproduce the reported adduct 

formation noted in the reaction of several cyclopolyphosphines 

32 v/ith boron trihalides in benzene, tensimetric titrations of 

pentamethylcyclopentaphosphine and pentaethylcyclopentaphos

phine were carried out with boron trifluoride and boron 

trichloride. No association was noted for either cyclopoly

phosphine. This leads us to believe that the adduct forma

tion in benzene was probably due to bond breaking in the 

cyclopolyphosphines, as is noted for some of the cyclopoly-

33 
phosphine metal carbonyl adducts. We found that this is 

the case for pentamethylcyclopentaarsine. Tensimetric ti

trations of pentamethylcyclopentaarsine with boron trifluoride 

and boron trichloride gave in both cases a black polymer. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

31 

P NMR spectroscopy has been found to be an effec

tive tool in the determination of ring size in cyclopoly-
31 phosphines. By simply recording the P NMR spectrum while 

decoupling all other nuclei with spin, three-, four-, and 

five-membered rings can be distinguished in solution. The 

spectrum of four-membered rings collapses to a sharp sin

glet, while that of the three- and five-membered rings give 
31 AB^ and AA'BB'C or ABCDE spectra, respectively. The P NMR 

chemical shift has also been found to be indicative of ring 

size, with shifts for five-membered rings all occurring 

between -20 and +10 ppm, shifts for four-membered rings be

tween +50 and +75 ppm, and shifts for three-membered rings 

between +140 and +145 ppm. 

The determining factor in the ring sizes of alkyl

cyclopolyphosphines appears to be steric crowding of the 

pendant organic groups, with four-membered rings being fa

vored when the organic group is bulky. The five-membered 

rings all contain substituents with unbranched carbon atoms 

bonded directly to the phosphorus. In the aryl- and per-

fluoroalkylcyclopolyphosphine rings, steric crowding is not 

the dominant factor as it is with the alkylcyclopolyphos

phines. The fact that both the phenyl and the perf luoroalkyl 

67 
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groups are electron withdrawing, while the alkyl groups are 

not, might account for the differences. The factors that 

govern ring sizes in cyclopolyphosphines also appear to 

govern the ring sizes in cyclopolyarsines. Cyclopolyphos

phines and cyclopolyarsines with the same substituent con

sist in nearly all cases of the same ring size. 

The attempts to prepare mixed cyclopolyphosphine 

rings, (R'P-RP)^, by the reaction of an alkylphosphine with 

an alkyldichlorophosphine gave only unmixed rings, (RP) and 

(R'P) . The attempts to prepare mixed rings by the reduc

tion of two different alkyldichlorophosphines with an active 

metal were also unsuccessful. The reactions gave the metal 

chloride, a black tar, and white phosphorus. There appeared 

to be some mixing of the phenyl- and methylcyclopolyphos-

phines at high temperatures, but no mixed rings could be 

isolated. 

The cyclopolyphosphines were found to be weak Lewis 

baseg. No association was noted in the reaction of penta

methylcyclopentaphosphine or pentaethylcyclopentaphosphine 

with boron trichloride or boron trifluoride. 
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