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ABSTRACT

A new class of compounds having the general formula

XnP(NCH3NCH3)3-nPxn (where X = Cl or F, and n = 0 to 3) has been

synthesized and characterized. Three members of this family,

C12PNCHlCH3PC12' FP (NCH3NCH3)2PF, and F2PNCH3NCH3PF2 have not been

prepared before. Payne, Noth, and Henniger reported the preparation

of P(NCHlCH3)l and C1P(NCH3NCH3)2PC1, but did not characterize them

18
canpletely.

Chemically these canpounds are quite similar to related amino-

hydrazino-, and hydroxylaminophosphines. The general mode of prepara-

tion is basically the same except for P(NCH
3

NCH
3

)3P. The relative

lability and reactivity of the phosphorus-halogen bonds are quite

similar, with the P-Cl bonds being more labile and reactive than the

P-F bonds. This is reflected in the greater stability of the fluorine-

containing compounds and the great ease with which the chloro deriva-

tives are converted from one to another. The reactions of this family

with borane and boron trifluoride reflect the general trends of the

acid-base chemistry of the aminophosphines in that the basicity of the

phosphorus seems to exceed that of the nitrogen to all but very hard

Lewis acids. In the case of the hard acids which may coordinate at

the nitrogen, seemingly weak complexes fo~, indicatir~ that the nitro-

gents basicity is quite low. These compounds are also able to displace

carbon monoxide from metal carbonyls and coordinate via the phosphorus.

However, unlike the aminophosphines, these compounds are able to act

as chelating or bridging ligands.
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This family of compounds and their derivatives were char­

acterized by ~ and 19F DID'r, mass, and infrared spectrometry. Structures

for the compounds have been proposed and these are consistent with the

spectroscopic evidence obtained.

Three energy barriers were obtained from variable temperature

19F nmr data of F2PNCH
3

NCH
3
PF2• The largest, 10.2 kca1/mo1e, has

been assigned to hindered rotation about the N-N bond. The others,

4.2 and 3.4 kcal/mole, have been assigned to hindered rotation about

the P-N bond in cis-F2PNCH3NCH3PF2 and to hindered rotation about the

P-N bond in trans-F2PNCH
3

NCH
3
PF2 • This is the first f1uorophos­

phine in which a value of the P-N energy barrier has been obtained.

moreover, this appears to be the first compound in which three

rotational barriers have been observed and measured.
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1. INTRODUCTION

Several recent investigations have been directed at deter-

mining the nature of' the bonding in ccmp01.mds containing trivalent

~W ( )phosphorus. Chatt and Williams noted that PF3 2ptC12 and

(PF
3
ptC12 )2 were chemically and physically much like (CO)2ptC12 and

(COptC12 )2 respectively and attributed these similarities to similar

bonding in phosphorus trifluoride and carbon monoxide. They

postulated that the coordinate bond involved a weak a-bond and a 'IT-bond

using the f'illed d-orbitals of' the metal and the vacant 3d-orbitals of'

9 11the phosphorus. When Alton prepared PF
3

.AlC1
3

, Chatt described the

dative bond as a classical a-bond, because alumimun is a strong acceptor

atom when compared to boron. However, Alton explained the dative

bonding in PF
3

·A1C1
3

in terms of a polarization model rather than

using the 'IT-bonding model. According to Alton, the phosphorus tri-

fluoride can complex via the lone electron pair. Bonding to phosphorus

is strongly dependent on the strength of the field. Since phosphorus

is large compared to nitrogen, a gain in energy could result when a

phosphine ligand is able to be close to the central atom where the

field strength is maximized. Thus stronger coordinated bonding to a

given acid should result when the polarizability of' the lone electron

pair on the phosphorus increases.

In the last decade much work has been done with a1kylaminohalo-

phosphines. Morris and Nordman have done a single crystal X-ray

study of dimethylaminodif'luorophosphine, F2PN(CH
3

)2' which showed that

the -N(CH
3

)2 group is planar.
12

The P-N bond is 1.63 A compared to a
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calculated P-N single bond length of 1.80 A. The geometry of the

nitrogen and the shortening of the P-N bond strongly support the

postulate of dative p1T-d1T bonding. In the same compound, coordina-

tion occurs at the phosphorus atan when the acceptor is a soft, or

polarizable, Lewis acid, such as borane, BH
3

, and at the nitrogen

atom only when the acceptor is the hard, nonpolarizable Lewis acid

boron trifluoride, BF
3

0 These basicity trends are unusual because

the parent ligand phosphorus trifluoride is a much weaker base than

is the parent ligand dimethylamine. However, this apparent basicity

reversal has been explained by postulating that the phosphorus-

nitrogen bond in F2PN(CH
3

}2 has double bond character. This double

bond character is due to donation of the nitrogen atom's lone pair of

2p electrons to empty 3d orbitals of the phosphorus atom. The

delocalization of the nitrogen's lone pair toward the phosphorus

accounts for the selection of the phosphorus over the nitrogen as a

bonding site by the electron-accepting boraneo

The class of compounds known as the alkylaminohalophosphines

has been studied extensively. Less work has been done with another

group of compounds which are closely related to them. These are the

derivatives of the alkyl- hydrazines and hydroxylamines and phosphorus

trihalide. In 1969 Goya and Rosario reported the syntheses and

characterization of X2PNCH3N(CH3}2' XP[NCH
3
N(CH3}2]2' X2PNCH30CH3,

and XP(NCH
3

0CH
3

}2' where X is fluorine or chlorine. l ,2,8 These

compounds resemble the corresponding alkylaminohalophosphines but

have less N-P dative character because of the inductive effect

produced by the electron-withdrawing -N( CH
3

)2 and -OCH
3

groups 0 They
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rated the compounds in order o:f decreasing N-P dative 1T- bonding as

X2PN(CH
3

)2 > X2PNCH3N(CH3)2 > X2PNCH
3

0CH
3

• The coordination chemistry

o:f these compounds has not be~n studied extensively, but

F2PNCH
3

0CH
3

.BH
3

, where the borane is coordinated to the phosphorus

atom, has been prepared.

The phosphorus trichloride-l,l-dimethylhydrazine system has

8 13been studied by Whigan and Goya.' They prepared a cage compound,

P4[NN(CH
3
)2]6' :formed when excess H2NN(CH

3
)2 was mixed with PC13•

This compound could be converted to ClP [NN( CH
3

)2] 3 by :further reaction

with PC1
3

• Reaction o:f ClP[NN(CH
3

)2]3 with H2NN(CH3)2 yielded

P4[NN(CH
3

)2]6. No :fluoro derivatives were prepared.

Sisler has reported the preparation and study o:f 2,2-dimethyl-

hydrazinodiphenylphosphine, 1,2,2-trimethyldiphenylphosphine,

1,1,2-tris(diphenylphosphino)-2-methylhydrazine, and bis(2,2-dimethyl­

hydrazino)_phenylPhosphine.14-l6 More recently he has prepared

(C2H5)3AlP(NCH3NCH3)3PAl(C2H5)3 in which altnninum is coordinated at

the phosphorus atom. 17 Payne, Noth, and Henniger briefly reported the

syntheses, characterization, and same of the chemistry of P(NCH3NCH3)3P

and ~lP(NCH3NCH3)2PC1,18 while Peterson and Th~ have studied

21-24
(CF3)nAS(NRNR'R")3_n where n = 0 to 3.
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II. STATEMENT OF THE PROBLEM

Payne, N"6th, and Henniger reported the syntheses of

P(NCHlCH3)3P and C1P(NCH3NCH3)2PCl in 1965.
18

It seemed that these

two compounds were members of a family having the general formula

x P(NCH
3

NCH
3

)3 PX which were related to the alkylaminohalophosphines,n -n n

X P(NR2 )3 ' which have interesting and well characterized properties.n -n

Thus this research has been directed at preparing three new members of

this family, namely bis(dichlorophosphino)-l,2-dimethylhydrazine or

C12PNCH3NCHlC12' bis (1-2-dimethylhydrazino )-di fluorodiphosphine or

FP(NCH3NCH3)2PF, and bis(difluorophosphino)-1,2-dimethylhydrazine or

F
2

PNCH
3

NCH
3
PF

2
, as well as tris(l,2-dimethylhydrazino)-diphosphine

or P(NCH3NCH3)3P and bis(l,2-dimethylhydrazino)-dichlorodiphosphine,

C1P(NCH3NCH3)2PC1, and studying them. Each of these compounds has

multiple possible coordination sites which should provide interesting

acid-base chemistry in that coordination at either phosphorus or

nitrogen, or both, might occur, depending on which Lewis acid is the

reactant. Similar studies have been made for the alkylaminohalopho­

sphines. 4,8,23 In addition, thorough characterization of all members

of this family was planned using nuclear magnetic resonance, mass, and

infrared spectroscopy.
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III. THE PHOSPHORUS TRICHLORIDE - 1,2-DlMETHYLHYDRAZlNE SYSTEM

A. DESCRIPTIVE CHEMISTRY

lf6th and coworkers prepared P(NCH3NCH3)3P by refluxing a mix­

ture of 1,2-dimethylhydrazine dihydrochloride and tris(dimethylamino)­

phosphine, P[N(CH
3

)2]3' in benzene for 64 hr.
18

This preparation was

confirmed in this study, but it was found that if toluene was sub-

stituted for benzene as the solvent, the yield of product was higher

and less solvent evaporated during the reaction. After a 50 hr reaction

in refluxing toluene an 80% yield was obtained.

P(NCH3NCH3)3P is a white crystalline substance, m.p. 116-7°,

which has a foul odor and can be sublimed in vacuo at 50°. It has an

ultraviolet absorption shoulder at A 260 nm (e: = 555). It is stable
max

and can be stored at room temperature in a dry atmosphere. The ~ nmr

spectrmn was identical to that reported by Noth et al. 18 The lilasS

spectral parent peak at mle 236 is at the calculated molecular weight

for P(NCH
3

NCH
3

)l. Noth et ale assigned this compound a cage structure



The spectroscopic studies discussed in the next section are all con-

sistent with this structure. Although such a structure is probably

qualitatively correct~ fine structural details must await the results

of an X-r~ study which is presently in progress.24

When P(NCH3NCH3)3P is mixed with phosphorus trichloride~ PC13~

in equimolar amounts, CIP(NCH3NCH3)2PCl is formed in quantitativE:

yield according to the following equation.

6

With excess PC1
3

, however, C12PNCH
3

NCH
3
PC12 can be isolated in quanti­

tative yield according to the following equation:

It is evident that the PC1
3

- P(NCH3NCH3)3P system is quite labile

since CIP(NCH3NCH3)2PCl can also be formed by the reaction of

C12PNCH
3

NCH
3
PC12 with P(NCH3NCH3)3P. Although both preparations of

CIP(NCH3NCH3)2PCl gave the product in nearly quantitative yield, the

reaction of PC1
3

with P(NCH3NCH3)3P was more convenient and thus was

used to prepare most of the CIP(NCH3NCH3)2PCl used in this work.

ClP(NCn3NCH3)2PCl is a white solid, m.p. 72-60 (in a sealed

tube) • The cOlhiJound prepared in this study had an ~ runr spectrum

that was identical to that of the CIP(NCH3NCH3)2PCl reported by Nath

18et ale In addition, the mass spectral data showed the parent ion

at mle 248 with ratios for the isotope peaks indicating two chlorine



7

atoms per molecule. This compound probably has a cyclic structure

suggested by If6th et al,18 a formulation which is in accord with the

chemical reactivity discussed above and the spectroscopic data reported

in the next section.

The third member of this series, C12?NCH3NCHlC12' could also

be prepared by the reaction of dry 1,2-dimethyIhydrazine, CH
3

NHCH
3

NH,

with PC1
3

• C12PNCH
3

NCH
3
PC12 could be isolated in rather low yield,

ca. 25%, according to the following equation:

The phosphorus-chlorine bonds in the PC1
3

- CH
3

NHCH
3

NH system

are very labile. The three compounds prepared in this study are easily

converted into one another by controlling the ratios of reactants.

The relationships of the system are:

1 1

The lability of phosphorus-chlorine bonds in similar systems has been

observed. Examples are the PC1
3

- HNCH
3

0CH
3

, PC1
3

- HNCH3N(CH
3

)2'

PC1
3

- H2NN(CH
3

)2' and PC1
3

- HN(CH
3

)2 systems. 3,5,7,27 For instance,

in the PC1
3

- H2NN(CH
3

)2 system, the following reactions take place. 5



9 Me2NNH2 + 3 PC13 --+1 (Me2NN)l3C13 + 6 Me2NNH2 .HCl

6 Me2NNH2 + 3 PC13 I (Me2NN)2P3C15 + 4 Me2NNH2 .HCl

Me2NNH2·HCl + 2 PC13 I Me2NN(PC12)2 + 3 HCl.

In the other systems, the following reactions occur.

6 R2NH + PC1
3

--0+-) P(NR2)3 + 2 (R2NH2)Cl

4 R2NH + PC1
3

(R2N)2PCl + 2 (R2NH2)Cl

2 R2NH + PC1
3

R2NPC12 + (R2NH2)Cl

(R2N)3P + PC13 ) R2NPC12 + (R2N)2PC1

8
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B. SPECTRAL STUDIES

Although the formation of P(NCHlCH3)3P and C1P(NCH3NCH3)2PC1

rt d . ,,. 18 t ., t· t' . twas repo e preVJ.ous"'"'J ~ spec roscop~c ~nves ~ga ~on was qUJ. e

limited~ and~ of course~ nothing previous~ was known abuut the new

compound C1
2

PNCH
3

NCH
3
PC1

2
• Thus their ~ nmr and mass spectra are

discussed in detail in this section. Their infrared spectra will not

be discussed~ but have been included in the experimental part of this

dissertation.

The mass spectrum of P(NCH
3

NCH
3

) 3P using a sample sublimed into

the source at 80 0
, taken at an ionization energy of 20 ev, is shown

in Fig. 1. A spectrum taken at 70 ev with the sample being heated

to 30 0 was very much like the spectrum shown. In both spectra the

largest peak occurs at mle 60, the PNCH
3
+ ion. The parent peak, at

mle 236, was present in 18% abundance at 70 ev, at 29% at 20 ev, but

on~ 0.7% at 70 ev if the sample was heated to 1800
• Thus the

molecular ion is strongest in intensity when low temperature and low

ionization energy are used. Higher energies result in greater

intensities of fragments because more bonds can be broken under these

conditions.

The fragmentation pattern, supported by metastable transitions,

is shown in Fig. 2. Most of the fragmentation results in cleavage

of N-N bonds and P-N bonds. Very little C-N or H-C bond cleavage

occurs. In comparison, the derivatives of PC1
3

and H2NN (CH
3

)2 undergo

no N-N bond cleavage in the mass spectrometer, while some N-N bond

cleavage was noted for derivatives of PC1
3

and HNCH
3
N(CH

3
)2. 5



m/e Percent Abundance Assignment

58 +1 C2H6N2

59 3 CH NP+
2

60 100 CH NP+
3

118 2 +
C3H9

Nl
119 2 +C2H

5
N2P2

120 +71 C2H6N2P2

236 19
+

C6H18N6P2

Metastable Process Transition

+ PNCH3NCHl+ + 61P( NCHlCH3)l -t 2 NCH
3

NCH
3

10



100

90

80

70
rx:l
u
~ 60
A

S 50
~

~ 40
u
P:<
rx:l
p.. 30

20

10

0
0 40

,I • I-.- .
80 120

m/e

1~0 200 240

FIG. 1. MASS SPECTRUM OF P(NCHlCH3)l AT 70 EV

I-'
I-'



12

+
r-- P(NCH

3
NCH

3
)l ------,.
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The mass spectral data support the structure proposed for the

compound. Only seven ions are present in the spectrum. and all

correspond to fragments of P(NCH
3

NCH
3

}3P, The highest mle peak in the

spectrum is at 236, the parent ion.

The ~ nmr spectrum of P(NCH
3

NCH
3

}l taken at single and double

resonance at 30° is shown in Fig. 3. This single resonance spectrum

is identical to the one reported in the literature. 18 The eighteen

magnetically equivalent protons appear at 0-2.75 ppm as a distorted

triplet with 14.9 Hz separation between the outer peaks. When the 3~

nuclei are irradiated at 2382 Hz, the signal collapses into a singlet.

While Payne, Noth, and Henniger did report the single resonance

~ nmr spectrum,18 they did not interpret it fully and show that it

is consistent with the proposed cage structure of the compound. The

line shapes are not those of a normal 1:2:1 triplet which would arise

from the coupling of the methyl protons equally to two equivalent nuclei

of spin 1/2, although the double resonance spectrum indicates that the

3~ nuclei are responsible for the splitting. The line shapes are

reminiscent of those observed in the X portion of an ABX spectrum in
n

which there is AB cOuPling. 25,28,30 In such a case the X nuclei are

coupling to the A and B nuclei which appear in the limit of

JAB > IJAX - JBxl to act as two equivalent spins, giving a 1:2:1

triplet in which the separation of the outer peaks is J AX + J BX ' If JAB

is not much greater than J AX - J BX' the spectrum becomes more compli­

cated, with the center line in the triplet losing peak height

producing a spectrum like that seen for P(NCH3NCH3)3P.25 This
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phenomenon is called virtual coupling and is seen in a variety of phos-

h ds 11 · ~ f . t 17.18.61.62porus compoun as we as J.n a numuer 0 organJ.c sys ems.

The spectrum is fully consistent with the proposed structure of

P(NCH3NCH3)3P and implies that IJpPI I is significantly larger than

.IJ pNCH - J pNNCH I. A calculated spectrum using a Fortran computer

program LAOCOON 1 with J ppl = 4 Hz. J pNCH = 9 Hz, and J pNNCH = 6 Hz

is shown in Fig. 4. 31 It is a good approximation of the observed

spectrum.



= 10 Hz
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The mass spectrum of ClP(NCH3NCH3)2PCl taken at an ionization

energy of 20 ev and an accelerating voltage of 3.5 kv, with the sample

temperature at 30°, is shown in Fig. 5. The fragmentation pattern is

shown in Fig. 6. Spectra of samples run at 80° and above showed no

molecular ion peaks. This is not surprising because the compound has

been observed to decompose at 76° in a sealed tube. At low temperature

and accelerating voltage, the molecular ion is most abundant. Meta-

stable peaks at 146-7 correspond to the process

The ClPNCH
3

NCH
3
PCl+ is the next most abundant ion, 70%, in the spectrum.

The peak at mle 206 is attributed to C3H10C12N2P2+ or

C2H8C12N3P2+ arising by same loss of CH2N2 or C2H
5

N. This ion defi­

nitely does contain two chlorine atoms, as determined by the isotopic

distribution, but the mechanism of the rearrangement cannot be deter-

mined from these data. A metastable ion confirms that the fragmentation

process if

Rearrangements have often been detected in the mass spectra of a

variety of compounds, including a number of phosphorus-containing

. 27 28
spec~es. '

The single and double resonance ~ nmr spectra of ClP(NCH3NCH3)2PCl

taken at 30° are shown in Fig. 7. The single resonance spectrum is a

doublet at 0-2.98 ppm with JpNCH = 16.9 Hz. The assignment of the
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splitting to coupling of the methyl protons to a 3~ nucleus was con­

firmed by irradiation of the 3~ nuclei. In this double resonance

experiment the doublet collapsed into a singlet.

This spectrum is consistent with the proposed ring structure

of CIP(NCH3NCH3)2PCl. As expected all protons are magnetically equiva­

lent, and are coupled to the 3~ nucleus with a coupling constant well

within the range of 5 to 20 Hz normally observed for ~NC~ coupling in

4 29 30 31other compounds.' " It is interesting that in this compound

virtual coupling of the two 3lp nuclei does not occur and a simple

first order spectrum is obtained.
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m/e Percent Abundance

43 32

58 29

59 3

60 42

89 3

95 9

117 6

124 19

155 34

171 9

190 71

206 19

213 8

248 100

Metastable Processes

Assignment

+CH
3
N

2
+C2H6N2

+CH2NP

CH NP+
3

+
C

2
H6N

2
P

+CH
3

CINP or

CH
3

C1NP+

+
C

3
H8N

3
P

+C2H6C1N2P

+C2H6C1N2P2
+

C3Hl0C1N2P2
+

C2H6C12N2P2
+

C3HI0C12N2P2
+

C4H12ClN4P2
+

C4H12C12N4P2

Transitions

ClP (NCH
3

NCH
3

)2PC1+

ClP (NCH
3

NCH
3

)2PC1+

ClP (NCH
3

NCH
3

)2PC1+

ClPNCHlCHlC1+

-+ ClP(NCH3NCH3)2P+ + Cl

+
-+ C3Hl0C12N2P2 + CH2N2

-+ ClPNCH
3

NCH
3

PC1+ + NCH
3

NCH
3

+
-+ PNCH

3
NCH3PCl + Cl

184.5

171.1

146.5

127
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i'NCH3NCH~ +
ClP'NCH NCH ..... PCl

3 3

(248)

* +
C3Hl0C12N2P2

(206)

1-Cl
+

C3Hl0ClN2P2

(171)

ClPNCH
3

NCHlCl+

(190)

+ClP(NCH3NCH3)2P

(213)

-H
PNCH3+---~) PNCH

2
+

(60) (59)

NNCH +
3

( 43)

)

-P

-Cl

-P

ClPNCH
3

NCHl+

(155)

ClPNCH
3

NCH
3
+

(124)

i-pel

N~;:~3+~
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The mass spectrum of the new compound, C1
2

PNCH
3

NCH
3
PC1

2
, taken

at 16 ev ionization energy, is shown in Fig. 8. It is extremely valuable

in characterizing the structure of the molecule. The prese~ce of the

molecular ion establishes the molecular weight of the compound, and

proves that the molecule contains four chlorine atoms. The various

fragments indicate how the atoms are arranged within the molecule.

Every fragment that contains a chlorine also contains a phosphorus

atom. No fragments contain both phosphorus and carbon unless nitrogen

is also present. The fragmentation pattern is shown in Fig. 9. The

assignment of the peaks is shown in Table 3.

The single and double resonance ~ nmr spectra of C12PNCH
3

NCH
3
PC1

2

taken at 30° are shown in Fig. 10. The single resonance spectrum is a

triplet at 0-3.18 ppm with 7.0 Hz separating the outermost peaks. Upon

irradiation of the 3~ nuclei, only a single sharp peak appears in the

spectrum, confirming that the multiplet arises from interaction with

the 3~ nuclei and that the methyl protons are equivalent at this

temperature. This is as expected from the proposed structure.

The line shape of the triplet (4:5:4) is not consistent with

interaction of the protons with two equivalent 3~ nuclei which would

produce a 1:2:1 triplet. Instead, as in P(NCH3NCH3)3P, the distorted

triplet is probably the result of virtual coupling of the two 3~

nuclei. A calculated spectrum is shown in Fig. 11. It was obtained

using a Fortran computer program LAOCOON 1 with J pp , = 3 Hz, J pNCH =

314 Hz, and J pNNCH = 3 Hz. The value of J pp ' = 3 Hz is similar to

10
J pp ' = 4 Hz in F2POPF2 • The separation of the outermost peaks in



the observed spectrum is 7.0 Hz, which equals J pNCH + J pNNCH ' The

calculated spectrum is nearly identical to the observed spectrum.

Spectra obtained at single resonance show temperature

dependence, but no energy barriers could be determined fran them

because the lines overlapped.

24
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m/e Percent Abundance

43 trace

58 3

60 1

101 3

124 5

159 100

190 1

225 8

260 1

Metastable Processes

+
2 C1C12PNCH

3
NCH

3
PC12

~ C12PNCH
3

NCH
3
P +

+ +
C12PNCH

3
NCH

3
PC12

~ C12PNCH
3

NCH
3

+ PC12

CH NP+ + NP+ + CH
33

+ +
NCH

3
NCH

3 + NNCH
3

+ CH
3

Assignment

+CH
3
N2

+C2H6N2
+CH

3
NP

C1 p+
2

+C2H6CIN2P

+C2H6C12N2P

+
C2H6C12N2P2

+
C2H6C13N2P2

+
C2H6C14N2P2

Transitions

141.5

98.5

33.8

31.8
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2
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IV. THE FLUOROPHOSPHINO DERIVATIVES OF 1,2-DIMErHYLHYDRAZINE

Although the chlorophosphino - 1,2-dimethylhydrazine system is

interesting, an analogous series of fluorophosphines is worthy of in-

vestigation. In contrast to the chloro derivatives, the fluoro

compounds can be studied using 19F nmr spectroscopy which is usually

more sensitive to changes in the magnetic environment than is ~ nmr

spectroscopy. 34,35 Based on the behavior of similar compounds, the

basicity of the nitrogen and phosphorus atoms should differ, depending

on whether the halogen in the molecule is chlorine or fluorine. For

example, in the dimethylaminohalophosphines, X p(NMe2 )3 ' the basicityn -n

of the phosphorus is greater when X = F, while for the nitrogen, maxi­

mum donor ability occurs when X = Cl. 4,8,9

A. DESCRIPTIVE CHEMISTRY

Since the behavior of other hydrazinophosphines often closely

11 1 th t · f" 1 . h h' 1-3 . t dpara e s e proper ~es 0 s~m ar ananop osp ~nes, ~ seeme

appropriate to attempt the preparation of the new hydrazinofluorophos-

phines by routes similar to those employed for the synthesis of the

amino derivatives. Probably the most common and generally the simplest

route to the aminofluorophosphines has been fluorination of an appropri­

ate aminOchloroPhosphine. 9,36 Similar preparations have been used for

the synthesis of hydrazino- and hydroxylaminofluoroPhosphines.1-3

Likewise fluorination of C12PNCH
3

NCH
3
PC12 with antimony trifluoride,

SbF
3

, at 27° in vacuo proceeded readily and afforded a colorless

liquid, F2PNCH
3

NCH
3
PF2, in 57% yield. Another general reagent used
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for the fluorination of aminoch1orophosphines is sodium fluoride in

tetramethy1eneSulfone;36 however, when sodium fluoride in tetramethy1ene-

sulfone was mixed with C12PNCH
3

NCH
3
PC12 in vacuo, no F2PNCH

3
NCH

3
PF2

was isolated.

F2PNCHlCHlF2 is moderately unstable and within an hour at

room temperature begins to decompose into phosphorus trifluoride, PF
3

,

and an unidentified white solid which slowly turns yellow-green upon

prolonged standing at room temperature in vacuo. This decomposition,

is quite slow at _780
, and solutions of the compound in ethanol-free

chloroform, trich1orof1uoromethane, or hydrocarbons are stable when

stored in vacuo at _100 for up to six months. F2PNCH3NCH3PF2 has a

sweet odor characteristic of compounds containing phosphorus and

fluorine, such as phosphorus trifluoride and dimethy1aminodif1uoros-

phine. It decomposes readily in air and water. The elemental analysis

for the compound is: Theoretical: C, 12.25; H, 3.06; N, 14.29:

Found: C, 13.52; H, 3.23; N, 15.51. The deviations from theoretical

probably reflect decomposition of the compound; during transit and

prior to analysis, the sample unavoidably remained at ambient tempera-

ture for a few days. Undoubtedly some PF3 was lost, thereby raising the

percentages of C, H, and N in the sample that was analyzed. The vapor

pressure data are found in Table 4. A plot of log P vs 103IT is
mIn

shown in Fig. 12. The molecular weight was determined by mass

spectroscopy and vapor density as 196. The theoretical molecular weight

is 196. On the basis of elementary valence considerations, the mode of

formation, end the spectroscopic data which follow, the formulation of

the molecule is proposed to be



T °c 103IT, °K-1 P
lnP, mm.

-78 5.13 0.0

-45 4.39 3.0 1.099

-23 4.00 6.0 1.792

0 3.66 14.0 2.639

23 3.38 22.5 3.114

27 3.33 27.0 3.296

In P = -2075.1/T + 10.1737mm.

H = 4.123 kcal/mo1eyap

In 760 = -2075.1/T + 10.1737

T = 586°K = 313°C =boiling point by
extrapolation

VAPOR DENSITY MEASUREMENT

m = 0.0774 g

V = 294.39 ml

M= 196 g/mo1e

32
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cis

Structurally F2PNCH3NCHlF2 is probably similar to the chlorophosphine,

C12PNCH
3

NCH
3
PC12, although derinite structural determinations have not

been perrormed.

Fluorination or CIP(NCH3NCH3)2PCl was much more dirricult than

the corresponding reaction or C12PNCH
3

NCH
3
PC12, and many unsuccessrul

attempts to synthesize FP(NCH3NCH3)2PF were made. Fluorinations of

CIP(NCH
3

NCH
3

)2PCl in a glass tube using a mixture or antimony trifluor­

ide and silver rluoride in acetonitrile, antimony trifluoride in

chloroform, sodium fluoride, sodium fluoride in tetramethylenesulrone,

antimony trifluoride, and antimony trifluoride in tetramethylenesulfone

were unsuccessful. The only reproducible method found to prepare

FP(NCH3NCH3)2PF was the direct reaction of solid CIP(NCH3NCH3)2PCl

with solid antimony trirluoride at 50-70° with the product

FP(NCH3NCH3)2PF, being sublimed away from the reaction mixture immedi­

ately upon its rormation. A conventional sublimation apparatus was

used in this preparation and the cold ringer was maintained at -23°,

with the product being collected over a 6 hi' period. The temperature

of the cold finger is important for if the finger was kept at -78°,

F2PNCH
3

NCH
3
PF2, which forms as a byproduct, also collected on the

finger. Further, ir the reaction mixture was heated above 70°, a

mixture or antimony trihalides collected on the cold ringer.
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FP(NCHlCH3)2PF is a white solid that sublimes readily in vacuo

at 50°. It melts at 55-59°. It decomposes rapidly in air and slowly

in vacuo at room temperature. Mass spectral evidence indicates

complete decompositions at ca. 200°. The compound has the character-

istic sweet odor of phosphorus-fluoride compounds. The compound was

handled in a dry nitrogen atmosphere or in vacuo and was stored in

vacuo at -78°. It probably has a cyclic structure similar to

The elemental wlalysis showed C, 20.99; H, 5.89; N, 23.47:

Theoretical: C, 22.22; H, 5.56; N, 25.93. The results are not

surprising because of the instability of the compound at room tempera-

ture. Again standing at ambient temperature during shipment and prior

to analysis was unavoidable. The mass spectroscopic data and the ~

and 19F nmr spectroscopic data, presented in the next section, indi-

cate that the compound FP(NCH3NCH3)2PF indeed was synthesized. These

data are in full agreement with the cyclic structure assigned to the

molecule.
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B. SPECTRAL STUDIES

Neither F2PNCH3NCH
3
PF2 nor FP(NCH3NCH3)2PF has been synthesized

before. Thus a spectroscopic study is essential in characterizing

them. The mass and ~ and 19F nmr spectra are presented and discussed

in this section. The infrared spectra are included in the experimental

section of this dissertation.

The mass spectrum of FP(NCH3NCH3)2PF taken at 18 ev and 28° is

shown in Fig. 13. The fragmentation pattern is shown in Fig. 14, and

is quite similar to that of C1P(NCH3NCH3)2PC1. The presence of the

molecular ion at mle 216 and identification of the fragments which

arise from the cleavage of P-N, F-P, and N-N bonds support the structure

assigned to the compound.

The most abundant peak in the spectrum occurs at mle 216 and

corresponds to the parent ion, FP(NCH3NCH3)2PF+. The F2P2NCH3NCH3CH4+

ion at mle 174 is present in 12% abundance. It is a rearranged frag­

+ment and corresponds to mle (p - 42). Peaks of large intensity at

mle (p - 42)+ are present in the low energy mass spectra of both

C1P(NCH3NCH3)2PCl and F2PNCH3NCHlF2. In a spectrum of

FP(NCH3NCH3)2PF taken at 70 ev, this (p - 42)+ ion is only 2%

abundant. The other peaks in the spectrum have been identified in

the fragmentation pattern and in Table 5.

The 19F nmr spectrum of FP(NCH3NCH3)2PF taken at 25°, shown in

Fig. 15, is a doublet of doublets of septets at 0+26.3 ppm. These

splittings are easily explained. Coupling of the 19F nucleus to the

adjacent 3~ nucleus in the molecule produces a doublet with

J pF = 1023 Hz. Coupling of a 19F nucleus to the nonadjacent 3~
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m/e Percent Abundance

43 4

45 7

58 11

59 6

60 82

108 3

120 3

158 3

174 12

187 1

216 100

Metastable Processes

+ +
C3H10F2N2P2 + C2H6FN2P + CH4PF

+ +FP(NCH
3

NCH
3

)2PF + PNCH
3

NCH3P + 2 F + NCH
3

NCH
3

Assignment

+
C

2
H6N

2

CH NP+
2

CH
3
NP+

+C
2

H6FN
2

P

+C2H6N2P2
+

C2H6F2N2P2
+

C3H10F2N2P2
+

C3H9F2N3P2
+

C4H12F2N4P2

Transitions

115.5

94.5

67.1

31,9
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+FP(NCH3NCH3)2PF

(216)

+
C3H9F2N3P2

(187)

- +FPNCH3NCH3

(108)

j:CH4PF

-F ~FPNCH3NCH3~::
/' (174)

+FPNCH3NCH3PCH4
(155)

*

-PF

PNCH
3
+

(60)~

(120)

*
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nucleus produces the second doublet with J pNNPF = 19 Hz. Finally the

six equivalent ~ nuclei couple with one 19F nucleus resulting in the

septet where J HCNPF = 3.5 Hz. This value for J HCNPF is identical to

that obtained from the lH nmr spectrum of this compound, which will be

discussed next.

The chemical shift is in the right range for a compound having

N
the FPN group. The chemical shift of FP[N(CH

3
)2]2 is +22.3 ppm and J pF

=1045 Hz, and that of FP[NCH
3

N(CH
3

)2]2 is +23.8 ppm and J pF =
971 Hz. 3 ,8 The septet structure in this spectrum confirms the existence

The fact that long range PNNP~ coupling isNCH3of the FPNCH group.
3

detected, and that it produces a doublet in this spectrum, confirms

the assignment of two phosphorus atoms per molecule. The information

1gleaned from the H nmr spectrum combined with this thus confirms the

postulated structure of FP(NCH3NCH3)2PF.

The ~ single and double resonance nmr spectra, taken at 30°, of

FP(NCH3NCH3)2PF, are shown in Fig. 16. The single resonance spectrum

is a doublet of doublets at 0-2.85 ppm with J pNCH = 15.0 Hz and

J FPNCH = 3.5 Hz. The twelve equivalent methyl protons are split into

a doublet by coupling with one 3lp nucleus and into another doublet by

coupling with one 19F nucleus. No ~NNCH or E:.PNNCH coupling was

detected. These values :::.re ~·rell ~dthin the range reported for similar

2-4
coupling in other compounds containing the FPNCH

3
_ group.

These assignments were confirmed by double resonance experi­

ments. Irradiation of the 3lp nuclei at 1468 and 2348 Hz causes partial

decoupling • This indicates that the 3lp nmr spectrum consists of two
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signals separated by about 1000 Hz. (Incomplete ~_3lp decoupling

was attained because it was not possible to irradiate the two resonance

frequencies of the 3lp nuclei simultaneously with the equipment used.)

T'wo conclusions can be drawn from these observations. First. and more

obvious, coupling does occur between the methyl protons and a 3lp

nucleus. Second. since the 3lp nmr spectrum evidently consists of a

doublet whose separation is equal (within experimental uncertainties)

to the J pF obtained from the 19F nmr spectrum (see Fig. 15), each

phosphorus can be bonded to one and only one fluorine. A similar

conclusion can also be reached from the multiplicity of the proton

spectrum in which the !!,CNP!, coupling was only consistent with one

fluorine on the phosphorus. The proton spectrum further indicates that

all protons are magnetically equivalent. The line shape changes upon

irradiation at the two resonances of 3lp are consistent with other com­

pounds where J pF and J
HF

have opposite signs. 29 ,30,35



026.3 ppm

+JpF = 1023 Hz+

-

FIG. 15. THE l~F NHR SPECTRUM OF FP(NCH3NCH3)2PF .s::­
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The mass spectra of gaseous F2PNCH3NCH3PF2' taken at 70 ev and

2 Kv, 20 ev and 3.5 Kv, and 16 ev and 3.5 Kv, all at 30°, are shown in

Fig. 17A-C. The molecular ion at m/e 196 can be seen in all spectra,

but is most intense at the lowest ionization energy. The presence of

the molecular ion and identification of fragments support the formula-

tion of this compound as F2PNCH
3

NCH
3
PF2• The fragmentation pattern

of the compound is shown in Fig. 18. Table 6 lists the ions found in

the spectrum.

In the high energy spectrum the most abundant ion occurs. at m/e

69 which corresponds to PF2+. This ion is present in 20% and 14%

abundance at 20 and 16 ev. In both low ionization spectra the most

abundant peak is at m/e 154 which is (p - 42)+. This ion is less than

5% abundant in the 70 ev spectrum. Rearrangement is taking place

resulting in the formation of F4P
2

CH4+ or F4P
2

NH
2
+. A metastable

transition corresponding to the process

is seen in the spectrum at m/e 173.7.



m/e Percent Abundance Assignment

16 ev 20 ev 70 ev

43 1 +
10 CH

3
N2

50 7 6 19 FP+

58
+

1 2 C2H6N2

69 14 20 100 F p+
2

83 32 24 11 NF p+
2

85 16
+21 15 CH4F2P

94 16 +C2H6FNP

96 7 9 1 C
2
H
6
F

2
N

2
+

104
+

29 3 CH4Fl

106
+10 1 C2H4FN2P

8 4
+

113 C2H6F2NP

76 84 +
127 5 C2H6F2N2P

154
+

100 100 5 CH4F4P2
+

177 1 C2H6F3N2P2

196 18
+

20 1 C2H6F4N2P2

Metastable Processes Transitions

+ +
173.7F2PNCH3NCH3PF2 + F'4P2CH4 + CH2N2

F
2

PNCH
3

NCH
3
PF

2
+ + F2PNCH

3
NCH

3
+ + F

2
P 167.8

+ + 126.6F4P2CH4 + CH4Fl + PF
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Variable temperature 19F nmr spectra taken between _1440 and

1280 and the double resonance spectrum of F
2

PNCH
3

NCH
3
PF

2
taken at _40 0

are shown in Fig. 19-27. The most obvious feature of these spectra

are their temperature dependence. At 1280 only one doublet at 0-12.3

ppm and JpF = 1217 Hz is seen. At this temperature all four f1uorines

are magnetically equivalent and their resonance signal is split into a

doublet by coupling with the 3~ nucleus to which they are bonded.

Although fine structure probably due to '!:'pNCH coupling can be seen but

not well resolved in the 128
0

spectrum~ no PNNPF coupling occurs. As

the temperature is lowered~ this doublet begins to broaden~ disappears~

and at _40 0 two clearly defined new doublets have developed at 0-16.3

and -7.8 ppm with J pF = 1209 and 1231 Hz respectively. This behavior

indicates that the magnetic equiValence of the fluorine nuclei at 1280

is due to an exchange phenomenon which has been slowed sufficiently

at _40 0 to permit magnetic nonequiva1ence to be observed. The exchange

is probably intramolecular since altering the concentration of

F2PNCHlCH3PF2 does not effect any change in the spectrum.

For convenience the peaks in the _40 0 spectrum (Fig. 27) have

been numbered. On the basis of similar line shapes and frequency

differences, 1 and 3~ and 2 and 4~ have been assigned as the two

doublets arising from the splitting of the nonequivalent fluorine

3~

resonences by a!l edj ecent l.p nucleus. Peaks 1 and 2 each have become

a pair of quartets separated by 14 Hz (3 Hz separates the members of

the quartet) ~ while 2 and 4 each have become a pair of quartets

separated by 20 Hz (3 Hz separates the members of the quartet). The

line shape of peaks 1 and 3 resembles that of a complicated A2XX'A'2
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spectrum and using a Fortran computer program LAOCOON 1,31 the fre­

quencies and intensities of the peaks in the low field isomer' s 19F

nmr spectrum could be duplicated using the values of J pF = Jp'F t =

1210 Hz, J pNNP = 3 Hz, and J FPNNP , = JF,p,NNP = 15 Hz. The calculated

spectrum is shown in Fig. 28. Peaks 2 and 4 can be interpreted in

terms of an A2XX' At 2 spectrum where J FPNNPF = 0 and J pNNP = 4 Hz.

Integration at _40 0 at single resonance showed that the ratio of

peaks 1: 2 was nearly 1: 1. Partial irradiation of the 3lp nuclei at

three different frequencies separated by ca. 1200 Hz caused peaks 1,

2, 3 and 4 each to collapse into a singlet. Spin tickling, or

irradiation using low power, at the 3lp low field resonance frequency

caused each doublet of quartets at peaks 1, 2, 3, and 4 to collapse

forming a broad singlet where the high field quartet of the doublet

had appeared at single resonance. The diagram below illustrates what

happens during spin tickling.

single resonance

-----8r--------
irradiation at low field

3lp resonance

-----'----18,..------
irradiation at high field

3lp resonance
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Spin tickling at the middle resonance frequency of 3~ caused each

doublet of quartets to collapse into a singlet midway between the

members of the doublet of quartets. Irradiation at full power at the

middle resonance frequency of 3~ resulted in an intermediate 19F_3~

decoup1ing pattern. A similar spectrum which is described in detail

by A. Abragam was obtained for Na
2
P0

3
F. 36 Complete 19F_3lp decoup1ing

was not attained because insufficient power was available and because

the 3~ nuclei resonate at three different frequencies separated by

about 1200 Hz.

The quartet caused by !!.CNPF coupling collapses when the 19F_3lp

nuclei are decoup1ed because relatively large amounts of power are

needed for the spin tickling experiments, and this is more than suf-

ficient to destroy HCNPF coupling even though irradiation is at one of

the 3~ resonant frequencies and not at the ~ resonant frequency.

Double resonance at low power, or spin tickling, has thus

demonstrated that the approximate 20 Hz splitting is in fact due to

3~_19F coupling. Since the approximate 1200 Hz splitting has been

assigned to short range P-F coupling, it should be possible to further

decouple the spectrum. Indeed, high power irradiation at the middle 3~

frequency caused partial decoupling. Because of the great separation

between the various 3lp resonances sufficient power could not be used

to obtain complete decoupling. ~ne resultant spectrum does resemble

other partially decoupled 19F spectra (Na
2
p0

3
F, for examp1e),38 and

demonstrates that the 1200 Hz splitting indeed does arise from 3lp_19F

coupling. These experiments thus confirm the assignments made above.

In addition, the fact that irradiation of the 3lp nuclei at three
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separate frequencies separated by the PF coupling constant caused de­

coupling in all of the peaks indicates first that there are two

fluorines attached to each phosphorus. Second, the peaks associated

with both isomers could be decoupled at the same frequencies which

indicates that the 3lp chemical shifts of these two isomers are very

similar. Probably no more than 5 ppm, within the effective range of

the decoupler, separates these two 3lp chemical shifts.

At _100° the low field doublet broadens and by _116° it has dis­

appeared, reappearing at _144° as four doublets at 0-21.86, -17.23,

-17.08, and -12.19 ppm with J pF = 1210, 1185, 1185, and 1250 Hz

respectively. At _116° the high field doublet also has begun to

broaden and at _144° two distinct doublets at 0-9.43 and -8.31 ppm

with JpF =1230 and 1240 Hz have appeared. The significance of these

peaks will be discussed below.

At high temperature all four fluorines are equivalent on the

nmr time scale. Between room temperature and -80°, however, there are

two isomers which can be detected. From analysis of the spectral line

shapes as a function of temperature (details of this calculation are

presented in Appendix A), the energy barrier between these two isomers

was calculated to be 10.2 kcal/mole ± 0.7. The possible causes of this

nonequivalency of the fluorines are (1) nitrogen inversion, (2) nitrogen-

nitrogen bond rotation, (3) phosphorus inversion, and (4) phcsphorus-

nitrogen bond rotation.

Inversion at phosphorus is not likely because it is a relatively

high energy process, with activation energies of 25-30 kcal/mole. 39 ,40



No hindered phosphorus-nitrogen bond rotation in F2PNRRl-type compounds

has been detected above _80°, although at temperatures lower than _80°

the P-N rotation in F2PNCH
3

0CH3 appears to be hindered. 3 Diastereo R

groups arising from hindered P-N rotation in R2NPX2 are observed below

_120°.6,41-43 Thus hindered phosphorus-nitrogen bond rotation might

well be observed at low temperatures in this compound, but it is not

a likely explanation for the exchange process occurring above room

temperature.

The two possible intramolecular processes that might be respon-

sible for the 10.2 kca1/mo1e energy barrier are nitrogen inversion

and nitrogen-nitrogen bond rotation. In other N-N compounds energy

barriers of this magnitude are attributed to hindered rotation about

the N-N bond. 44- 49 Microwave studies indicate the N-N rotational energy

barrier in hydrazine itself is 3.15 kcal/mo1e, but substituents on the

't t' thO 44-49 F . t th t' t·n1 rogen a oms 1ncrease 1S energy. or 1ns ance, e ac 1va 10n

energies are 10.7 and 11.2 kcal/mole for C6H5CH2N(C2H5)N(C2H5)CH2C6H5

and (CH3)2CHN-(CH2C6H5)N(CH2C6H~CH(CH3)2respectively.44,49 Cowley places

an upper limit of 6 kcal/mole on the nitrogen inversional barrier in

2,2-dimethy1-1,1-diphenylphosphinoaziridine, and considers nitrogen

inversion as an unacceptable explanation of the energy barriers of 8.5

to 10.2 kcal/mole observed for R2NPXY where X = F, Cl, or C6H
5

and

Y = F, Cl, or C6H
5

, but X 1 Y 1 F because nitrogen inversion in these

compounds is too rapid on the nmr time scale from -150° to 40°. 6 These

same arguments against nitrogen inversion in R2NPXY are valid for

F2PNCH
3

NCH
3
PF2 • Therefore the only intramolecular process remaining

that is consistent with the observed behavior is hindered rotation about
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the nitrogen-nitrogen bond in F2PNCH3NCH3PF2.50-53

In order to interpret the exchange process in detail the

structure of F2PNCH3NCH
3
PF2 must be considered. Although no detailed

structural data are available t some inferences may be made from similar

compounds. The structure of F2PN(CH
3

)2 in the solid phase has been

shown to be12

and Cowley postulates a similar structure for a variety of other

aminophosphines in sOlution. 6 If F2PNCH
3

NCH
3
PF2 is considered to be

derived from F2PN(CH
3

)2 by substitution of a second F2PNCH
3
_ group

for a CH3- moiety~ both nitrogens might be expected to be planar

and the structures

F2P" /PF2 F2P" /R

~N
N/ /N N
~R "p f,R 2

R= CH3
cis trans
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would be logical. If at high temperature the rotations about the

nitrogen-nitrogen and the phosphorus-nitrogen bonds are rapid, only the

time average signal for the isomers would be seen in the spectrum. As

the temperature is lowered, the exchange time should increase until

finally signals for both the cis and the trans-isomers should appear in

the spectrum. Experimentally at 60° and above there is fast exchange.

Upon cooling, the slow exchange region is at about _40°. Since the

phosphorus-nitrogen rotations are fast at these temperatures, all the

fluorines within a given isomer should be equivalent. The relative

intensities of each of the peaks is nearly identical and the cis and

trans-isomers must have nearly identical populations and thus be of

nearly equal energies.

Although no conclusive assignment can be made as to which set

of doublets arises from which isomer, it is interesting to speculate

that the low field doublet may arise from the cis-isomer, and the high

field doublet from the trans-isomer. The fluorine atoms in the

cis-isomer are expected to interact with each other to a greater

extent than those in the trans-isomer. The fluorines in the cis-isomer

might then be more deshielded than those in the trans-isomer, and thus

should appear farther downfield than those in the trans-isomer. In line

with this argument, Gutowsky et al. have found that F-F interactions in

CF2ClCFC12 result in downfield fluorine chemical Shifts. 54 As shown

below, the assignment of this doublet to the cis-isomer is further

supported by its behavior upon fUrther cooling.

At _80° to _120° hindered rotation about the P-N bond is seen in

3 6other compounds.' Similarly, slow P-N bond rotation might also occur
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in the isomers of F2PNCH
3

NCH
3
PF2• Due to greater F-F interactions in

the cis-isomer~ the P-N bond rotation would probably be more restricted

and the frequency factor lower in this isomer than in the trans-isomer.

In fact~ the low field doublet does begin to broaden~ indicating slow

rotation~ at a higher temperature than does the high field doublet

(exactly as predicted if the fluorines in the cis-isomer have the more

negative chemical shift). In the slow P-N bond rotation region three

conformations of the molecule should exist in the cis-configuration.

I II III

The four doublets at 0-21.86. -17.23~ -17.08~ and -12.19 ppm appear

to arise from the low field doublet (peaks 1 and 3 in the _40 0 spectrum).

and can be interpreted in terms of these three different rotamers. The

doublet at 0-21.86 ppm is assigned to I because the F-F interactions

in this rotamer should be greatest. Thus the deshielding should also

be the greatest, and the four identical fluorines in this rotamer

should appear at lowest field. The doublet at 0-12.19 ppm is assigned

to III because the F-F interactions in this rotamer should be least~

and accordingly, the deshielding should be least. and so these four

equivalent fluorines should appear at highest field. The other doublets

at 0-17.23 and -17.08 ppm are assigned to the fluorines in II. The
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chemical shifts of the fluorines in rotamer II should be intermediate

between the two extreme cases of I and III and near that of the chemi-

cal shift of the cis-isomer when the P-N bond rotation is fast. How-

ever, the fluorines within the molecule are not equivalent, and should

have distinct, but similar chemical shifts. The fact that no FPF

coupling is detected indicates that the two fluorines bonded to a

phosphorus are magnetically equivalent, and that each doublet arises

from different F2P- groups, not from different fluorines on the same

phosphorus. It is impossible to predict which fluorines should give

rise to which of the two signals. Determination of the activation

energy for an exchange process over three sites is not trivial. The

method given by C. S. Johnson, Jr., was used and is presented in

Appendix B. 55 The activation energy for this process is 4.2 kcal/mole

± 1.6.

Upon cooling to _144° the high field doublet splits into two

doublets at 0-9.43 and -8.31 ppm. This is ascribed to hindered rota-

tion about the P-N bond in the trans-isomer of F2PNCH
3

NCH
3
PF2 • This

activation energy is 3.4 kcal/mole ± 1.4. The calculation of this

energy is presented in Appendix C. Two possible structures for these

two rota.mers are

F·...
r ...
I--r K

\N-N/ R=CH3
R/ "'p-.... ·F
. ."F
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The chemical shift difference in these two rotamers is much less than

that of the three rotamers of cis-F2PNCH
3

NCH
3
PF2 • This is not surprising

because the interactions of the fluorines on one end of the trans-isomer

with those on the other end are small~ and interactions with the methyl

protons are responsible for the nonequivalency of the fluorines in these

rotamers. Such F-H interactions should not affect the chemical shifts

of the fluorines to a large extent.

Cowley has examined three possible factors that could contribute

to torsional barriers in aminOPhosphines. 6 These are steric effects~

lone pair-lone pair repulsions~ and N-P p~ + dn bonding. He concluded

that all three factors do contribute to these barriers. These same

factors contribute to the hindered P-N bond rotation in the isomers

of F2PNCH
3

NCH
3
PF2•

F2PNCH
3

NCH
3
PF2 truly is a remarkable compound in that it contains

three different energy barriers that can each be determined using

variable temperature 19F nmr spectroscopy. These energy barriers are

not at all apparent from the variable temperature single resonance IH

nmr spectrum (which is discussed next) because of the overlapping lines

resulting from couplings~ the small changes in line shapes~ and the

need for lower temperatures~ because~ although a process may be slow

on the 19F nmr time scale at a given temperature~ the same process is

still fast at that temperature on the In nnu~ time scale.
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The lH nmr spectrum of F2PNCH
3

NCH
3
PF2 taken at single and

double resonance at 20° is shown in Fig. 29. A calculated spectrum

and an observed spectrum are shown in Fig. 30.

The multiplet at 0-2.87 ppm in the observed single resonance

spectrum contains six distinct peaks and at least three more that are

wholly or partially overlapping with others. Irradiation of the 3lp

nuclei could be done at 832, 1926, and 3185 Hz, resulting in three

different line shapes shown in Fig. 29. Irradiation at 1926 Hz re­

sulted in growth of the center line while irradiation at 832 Hz re-

suIted in an unsymmetrical four line pattern. The mirror image of this

four line pattern resulted upon irradiation at 3185 Hz. Total de­

coupling while irradiating at 1926 Hz was not achieved but decoupling

was more complete at this frequency than at 832 or 3185 Hz. The fact

that partial decoupling was achieved at these three frequencies shows

that the 3lp nmr signal consists of three lines separated by about

1150 Hz with the center line being the chemical shift of the 3lp • The

partial decoupling indicates that the methyl protons are coupled to the

3lp nuclei as well as to the 19F nuclei. Since the 31p nuclei could

be irradiated at three frequencies the spectrum must be a triplet with

a coupling constant of about 1150 Hz. This value is approximately the

same as the J pF observed in the 19F nmr spectrum and strongly implies

the presence of two fluorines bonded to each phosphorus.

The spectrum is not simple but can be duplicated using the

computer program LAOCOON 131 and the values Jp~TNP = 3 Hz, JFPNCH = 3 Hz

(from the observed spectrum), J pNCH = 4 Hz, and J pNNCH = 3 Hz. The

calculated spectrum (Fig. 31) agrees with the observed spectrum.
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At room temperature the methyl protons appear to be magneti­

cally equivalent. Since variable temperature 19F nmr spectra, Fig. 19-

29, show that below 60° the fluorines are nonequivalent, nonequivalency

of the methyl protons at low temperature also might be expected.

Indeed, between _90 0 and _110° the lH single resonance nmr spectrum

changes somewhat with both line width and intensities varying. No

energy barriers were determined from the variable lH nmr spectra.

The line shape changes upon irradiation at the three resonances

of the 3lp nuclei are consistent with other compounds where J pF and

J h th "t" 29,30,35HF ave e oppos~ e s~gn.
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V. COORDINATION CHEMISTRY OF X P(NCH
3

NCH
3

}3 PX
n -n n

The chemistry of XnP[N(CH3}2]3_n with typical Lewis acids has

been well studied. 5 ,8,54,56 It has been found that coordination

generally takes place at phosphorus with most Lewis acids with the

exception of BF
3

, which coordinates at nitrogen. In

X P(NCH
3

NCH
3

}3 PX , where there are several potential donor sites,
n -n n

the acid base chemistry might prove to be more complex than for

A. BORANO COMPLEXES

A series of borano complexes having the general formula

X
n

P(NMe
2

}3_n' BH3 where X = Cl or F has been studied. 3,4,11,27 ,32,56-58

In each complex the borano group is coordinated at the phosphorus

atom, and only monoborano complexes have been isolated, indicating

the preference the soft Lewis acid borane has for the soft Lewis base

phosphorus over the hard Lewis base nitrogen. The reactions of

X p(NMe2}3 with diborane are tabulated below.
n -n

1. 2 P(NMe2}3 + B2H6 2 p(NMe2)3·BH3

2. ClP(NMe2}2 + Et2O.BH
3 CIP(NMe2 }2· BH3 + Et20

3. C12PNMe2 + Et2O'BH
3

_60 0

unidentified product in Et20
-Et 02

explosion or orange polymer

4. 2 FP(:NMe2}2 + B2H6
27 0

2 FP(NMe2)2'BH3

5. 2 F2PNMe2 + Bc.,H6
27° 2 F2aU4e2 .BH3

6. 2 PF
3

+ B2H6 2 F
3
P'BH

3

Ot' PF
3

+ 1/2 B2H6 F
3
P·BH

3
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In these compounds the increasing basicity of the phosphorus toward

borene is C12PNMe2 < PF
3

< CIP(NMe2 )2 < F2PNMe2 < FP(NMe2 )2 < PN(Me2)30

In this study the reactions of XnP(NCH3NCH3)3_nPXn with diborane

have been studied in an attempt to ascertain what effect the presence

of an (-NCH3)3_nPXn moiety in place of -CH3 has on the basicity of the

phosphorus in these compounds. Nitrogen itself is more electronegative

than the carbon, so perhaps the basicity of the phosphorus in these

compounds might be less than in XnP(NMe2)3-n • However, the nitrogens

in these molecules possess nonbonding electrons which might form a

conjugated system involving 3d orbitals of the phosphorus. Hence the

basicity of one phosphorus donor and the effect on the basicity of one

donor site upon coordination of a second was of interest.

1. Descriptive Chemistry

Noth et ale reported the formation of bis(borano)-tris(1,2-

dimethylhydrazino)-diphosphine, P(NCH3NCH3)3Po2BH3 by reaction of

diborane in tetrahydrofuran, THF, with P(NCH3NCH3)3P.18 A complex

which contained two boranes was isolated in this study when

P(NCH3NCH3)3P was left in contact with excess diborane for 3 days at

27°. The stoichiometry of the reaction indicated that B2H6 reacted

with P(NCH3NCH3)3P in a 1:1 molar ratio and the mass spectral molecular

weight of the product was identical to the theoretical value of 264.

Relative intensities of the parent ion isotope peaks indicated the

presence of two borons. When the reaction was carried out in the

presence of THF, the reaction was much faster, probably because both
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reactants were in the liquid phase rather than in sOlid-gas phases, and

because the bridge bonds of the B2H6 had alrea~ been cleaved by THF

forming THF:BH
3

•

The complex is a white solid which turned orange and decanposed

without melting upon heating to 300 0 in a sealed tube. Noth reported

that his complex melted ca. 250 0 with decomposition to a red liquid. 18

The complex prepared in this stu~ is almost certainly the same

compound as that reported by Noth. 18 The solubility of the complex

in chloroform and benzene is markedly lower than is the solubility of

the free ligand in these solvents. The infrared and ~ nmr spectra

support the structure shown below.

R R
\ I
N--N

R~ \ R
;:: N N~

HBP.~ ~PBH
3 \ / 3

N N
I \

R R

-1 .The infrared absorption at 2425 cm ~s typical for B-H stretching in

phosphine boranes,9,56 and is not present in the spectrum of the free

ligand. The ~ nmr spectrum shows that the methyl protons are equiva-

lent~ end coordination of one or both borano groups at nitrogen would

result in nonequivalency of the methyl protons. Only coordination at

both phosphorus atoms would produce a compound having an ~ nmr spectrum

in which all methyl protons have the same chemical shift.
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Borane derivatives o~ the halophosphines also ~orm.

CIP(NCH3NCH3)2PCl reacts very slow],y with liquid diborane at _126 0

and somewhat more rapidly with Et20.BH
3

at _78 0 to give light yellow

bis(borano)-bis(I,2-dimethylhydrazino)-dichlorodisphosphine,

C1P(NCH
3

NCH
3

)2PClo 2BH
3

• (Interesting],y the similar complex,

C1P[N(CH3)2]2.BH3' is also yellow)~t56 The complex is more stable

at room temperature than is the ~ree ligand, but when heated to 1020

in a sealed tube, the solid complex darkened and by the time the tempera-

ture reached 130 0 it had melted into a dark liquid. The sample thus

treated did not resolidify upon cooling to 270 t thus exhibiting be-

havior similar to P(NCH
3

NCH
3

)l·2BH
3

• The solubility of

C1P(NCH3NCH3)2PCI-2BH3 in chloro~orm and carbon tetrachloride is

lower than that o~ the ~ree ligand.

The formula ~or the complex is based on stoichiometry of the

reaction and on the mass spectrum o~ the complex. The mass spectrum

showed molecular ion peaks at mle 274-80 which correspond to

C1P(NCH3NCH3)2PCI·2BH3. The proposed structure for the complex is

R R
'N N;

CI" / \ /CI
R CH3

HB/
P
"" /P"'--BH

=

3 N N 3../ , ...
K K

where coordination of both borano groups occurs at the phosphorus

atoms. 1This structure is supported by the H nmr spectrum o~ the

complex, which shows that all the methyl protons are equivalent. As

in P(NCH3NCH3)3P.2BH3' coordination o~ one or both borano groups to
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nitrogen would make the methyl protons nonequivalent. An absorption

in the infrared spectrum at 2450 cm-1 corresponding to B-H stretching

that is absent in the spectrum of the free ligand also indicatesthe

presence of the borano groups.56

The reaction of C12PNCH
3

NCH
3
PC12 with B2H6 in diethy1ether,

Et20, produced hydrogen and an orange solid that contained at least

two compounds. The solid product was insoluble in organic solvents

such as Et20 and chloroform, but partially dissolved in water giving a

colorless solution. The orange portion of the solid did not dissolve in

water.

The mass spectrum of the solid products showed that CH
3

NHCH
3
NH.2HC1

and one or more high molecular weight (above 500) compounds were present.

No further characterization of the solid products was attempted.

The fact that no Cl2PNCHlCH3PC12 ·XBH
3

could be obtained parallels

the results of other workers on similar compounds. For example, no

Cl2PN(CH3)2.BH3 could be isolated after reaction of Cl2PN(CH3)2 with

Et20.BH
3

at low temperature. NBth reports that removal of solvent from

that reaction mixture caused the unidentified products to eXPlode. 56

Van Doorne also tried to prepare Cl2PN(CH3)2·BH3 but obtained an orange

noncrystalline, nonvolatile solid which he could not identifY.
4

Borano derivatives of the fluorophosphines could also be ob-

tained. As with the similar aminohalophosines these compounds are

fairly stable and easily prepared.

bis (Borano)-bis (1,2-dimethylhydrazino)-dif1uorodiphosphine,
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FP(NCH3NCH3)2PF at 27 0
• It is a white solid. The infrared spectrum

is similar to that of the free ligand but does contain a peak at

4 -1 56 L_2 25 em which corresponds to B-H stretching. The 11 nmr spectrum

taken at 30 0 shows that the -NCH
3

protons are equivalent or isochro­

nous, indicating that the borano groups must be coordinated at the

phosphorus atoms since coordination at nitrogen would result in non­

equivalent and nonisochoronous methyl protons. The 19F nmr spectrum

which is discussed later, is that expected for a complex having P-BH3

coordination. The stoichiometry of the reaction and the infrared and

nmr spectra are in good agreement with

as being the structure of this complex.

The reaction of diborane with F2PNCHlCHlF2 is more complex.

When 1.7:1 mole ratios of F2PNCH
3

NCH
3
PF

3
to B2H6 are mixed together at

27 0 bis(difluorophosphino)-1,2-dimethylhydrazine borane, F2PNCH3NCH
3
­

PF2·BH
3

, could be isolated in 55% yield. The complex was identified

by ~ and 19F nmr and infrared spectroscopy and stoichiometry of the

reaction. The mass spectrum of this complex was identical to that of

the free ligand and no boron-containing fragments could be identified.

Evidently the bora."1c group is repidly eli.T!line.ted upon ionization of the

complex. The failure to observe a parent ion in a mass spectrum is

unusual, but by no means unprecedented. Several phosphorus compounds

show no parent ions. The ~ nmr spectrum, which is discussed more

fully elsewhere in this dissertation, shows two types of methyl protons
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present in equal amounts, as well as borano protons. The 19F nmr

spectrum is quite complex, but does show fluorines coupled to and

therefore near to a coordinated borano group as well as f1uorines that

are not coupled to a borano group. The infrared spectrum shows an

absorption at 2470 em-I, due to B-H stretching in phosPhine-boranes. 56

The complex is a clear colorless liquid which has a vapor pressure of

12.5 mm at 27°. The infrared and nmr spectra indicate that the borane

is coordinated at a phosphorus atom and the structure of the complex

When an excess of diborane is reacted with F2PNCH
3

NCH
3
PF

2
at

27°, a complex containing two borano groups coordinated to the two

phosphorus atoms forms in 59% yield. The identity of the complex was

established by ~ and 19F nmr spectroscopy and stoichiometry of the

reaction. Only one type of metlw1 proton is seen in the 1H nmr spectrum.

The 19F nmr spectrum shows one type of fluorine which appears as a

doublet of quartets. This spectrum indicates that only one of the two

isomers of the free ligand forms a bis(borano)-comp1ex. This complex,

bis(dif1uorophosphino)-1,2-dimethy1hydrazine diborane, F2PNCH3NCH3PF2·2BH3'

is a colorless liquid at 27° (p ca. 3 mm) Which is less volatile than the

monoborano complex. Once again the mass spectrum of the complex failed

to have any peaks containing boron. The structure that agrees with the

nmr data (presented in the next section)is



cis-bis(Difluorophosphino)-1,2-dimethylhydrazine diborane

84
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2. SPECTRAL DATA

The mass spectrum of P(NCH3NCH3)3P.2BH3 taken at 20 ev and 30°

is shown in Fig. 31. The fragmentation pattern is shown in Fig. 32.

The peaks are identified in Table 7. The peak at m/e 264 is present

in 1% abundance and corresponds to the parent ion of the complex,

+P(NCH3NCH3)3P.2BH3' A peak eight times as intense at m/e 250 is from

P(NCH3NCH3)3P.BH3+' The two most intense peaks are at m/e 236,

P(NCH NCH ) P+, and m/e 120, corresponding to PNCH3NCHl+' The peak

at m/e 194 is present in 1% abundance and is from rearrangement of

the ligand to fonn C
5
H16N4P2+' Fragmentation of the N-N bond in

PNCHlCHl+ results in fonnation of the CH
3

NP+ ion at mle 60 which is

present in 20% abundance. Ions at mle 58 and 43 correspond to

NCH
3

NCH
3
+ and CH

3
N2+ respectively, and both are present in 1% abundance.

The small peak due to the parent ion of the complex shows that it defi-

nitely does contain two coordinated borano groups.

The ~ nmr spectrum of P(NCH3NCH3)l'BH3 taken at 25° at single

resonance is shown in Fig. 33. As in the spectrum of P(NCH3NCH3)3P

itself, the methyl protons appear as a distorted triplet at 0-2.90 ppm

(13.3 Hz separating the outer peaks). The chemical shift is 0.16 ppm

downfield from that of P(NCH3NCH3)3P, reflecting a small decrease

in electron density around these protons upon coordination of the

phosphorus atoms to the soft Lewis acid BH
3

• A large downfield change

in chemical shift should result if coordination occurs at nitrogen. For

instance, in N(CH3)3' the chemical shift is -1.91 ppm, and in
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role Percent Abundance Assignment

43 1
+

CH
3

N2

58
+

1 C2H6N2

60 20 CH
3

:t-TP+

89 1
+C2H6N2P

118 8 +
C3H9

Nl
119 1~

+C
3
H10N

3
P

120 100 +C2H6N2P2

136 2 +
C2H8Nl 2

150 18
+

C3Hl0N3P2

194
+

1 C5H16N4P2

236 100
+

C6H18N6P2

250 8 C6H18N6P2·BH3+

264 +1 C6H18N6P2·2BH3

Metastable Processes Transitions

+ +
96.1C3HION2P2 + C

3
H10N

3
P + P

C6H18N6P2
+ +

95.3+ C5H16N4P2 + CH2N2
+ +

61.0CI""H~8NcP" + C2H6N2P2 + c4H12Nl1P2O.L 0 ~

._---~
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BH
3

:N(CH
3

)3 the chemical. shift is -2.80 ppm. 8 Thus, a large chemical

shif't difference is not the case in this complex. As in the spectrum

of the free ligand, the odd shaped triplet results from virtual coupling

of the two 3~ nuclei and is not from nonequivalent protons in the

-CH
3

portion of the spectrum.

The mass spectrum of bis(borano)-bis(1,2-dimethylhydrazino)­

dichlorodiphosphine, C1P(NCH3NCH3)2PC1·2BH3' taken at 70 ev at 95° is

shown in Fig. 34. The fragmentation pattern is shown in Fig. 35.

The peaks are identified in Table 8. No spectrum of the free ligand

could be obtained above 80°, whereas this spectrum, where the sample

was heated to 95°, is satisfactory. The molecular ion is present in 1%

abundance at mle 276. A peak at mle 262 present in 13% abundance

+corresponds to CIP(NCH3NCH3)2PC1·BH3. The peak at 248 present in 40%

abundance is due to C1P (NCHlCH
3

)2PC1+ • There was no peak at mle 206

although this peak was present in the mass spectrum of the free ligand

and in the mass spectrum of this complex taken at lower ionization

energy. The most intense peak in the spectrum is from CH
3

NP+ at mle

60. This peak was present in the free ligand's spectrum in 42%

abundance, and gets more intense as the ionization energy is increased.

In general, the :peaks at lower m/e appear at greater intensity in this

spectrum than in the 20 ev spectrum of the free ligand, once again

illustrating the greater amount of fragmentation occurring at higher

ionization energy.

The ~ nmr spectrum of ClP(NCH3NCH3)2PCl·2BH3 taken at 30° is

shown in Fig. 37. It consists of a doublet at 0-3.07 ppm with J pNCH
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=10 Hz. Since no solvent could be found in which the compound was

more than marginally soluble, the spectrum of a dilute solution was

used and the signal due to the borane protons could not be detected.

Since the borane protons give rise to weak broad nmr signals they

often are difficult to detect and this is not the first compound in
8

which they cannot be seen. The fact that the spectrum consists of a

single doublet strongly indicates that the methyl protons are equiva-

lent, implying that both boranes are coordinated to the phosphorus,

not nitrogen atoms.
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m/e Percent Abundance

43 1

44 2

45 7

57 4

58 22

59 6

60 100

89 2

95 10

120 3

124 2

155 37

190 46

213 19

248 40

262 13

276 1

Metastable Processes

Assignment

+CH
3
N

2
+C2H

5
N

+C
2
H6N

+C
2
H

5
N

2
+C2H6N2

CH NP+
2

CH NP+
3

+C
2
H6N

2
P

CH C1NP+
3

+C2H6N2P2
+C2H6C1N2P

+C2H6C1 N2P2
+

C2H6C12N2P2
+

C4H12C1N4P2
+

C4H12C12N4P2
+

C4H12C12N4P2BH3
+

C4H12C12N4P2·2BH3

Transitions

+

+

+

+

+
C4H12C1N4P2 + C1

+
C2H6C12N2P2 + NCH3NCH3

+C2H6CIN2P2 + NCH
3

NCH
3

+C
2
H6CIN

2
P2 + C1

184.5

146.7

112.8

127
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(248)
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3

NCH
3
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+NCH
3

NCH
3

(58)

-1- -CH3
NNCH +

3
(43)

)

-P +
--_._-~) NCH

3
NCHlC1

(124)
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3

NCH
3

,
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3
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The 19F nmr spectrum of bis(borano)-bis(difluorophosphino)-1,2­

dimethylhydrazine, FP(NCH3NCH3)2PF'2BH3' taken at 30° is shown in

Fig. 37. The two equivalent fluorines appear as a doublet at 0+4.53 ppm

with J pF = 1159 Hz. No other coupling could be detected, probab~

because the sample was quite dilute due to limited solubility. The

change in chemical shift relative to that of the uncomplexed base is in

the direction of that of similar bases and their borane complexes. The

chemical shift of the complex occurs at lower field than does that of

FP(NCH3NCH3)2PF (6+26.3 ppm), a result similar to that observed for

FP[N(CH
3

)2]2 and its borane complex whose chemical shifts are +22.3

and +12.8 ppm respective~.8

The ~ nmr spectrum of FP(NCH3NCH3)2PF.2BH3 taken at 30° is

shown in Fig. 38. The methyl protons are equiValent and appear as a

doublet of doublets at 0-3.0 ppm due to coupling with one 3~ and one

19F with J pNCH = 8.0 Hz and J FPNCH = 3.5 Hz. As in CIP(NCH3NCH3)2PC1.2BH3'

the borane protons were not detected. The fact that there is only one

chemical shift for the methyl protons indicates that both borane groups

must be coordinated at the phosphorus atoms. Coordination at one or

two nitrogen atoms would cause nonequivalency of the methyl groups, and

more than one chemical shift would then be seen in the spectrum.
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The 19F nmr spectrum of F2PNCH3NCH3PF2·BH3 taken at _62 0 and

300 is shown in Fig. 39-40. As in the case for the 19F nmr spectrum

of the free ligandt this spectrum is temperature dependent and t because

of its complexitYt the assignments that are made m~ not be entirely

correct. Doublets appear at 0-15.6 ppm with J pF = 1165 Hz. -7.3 ppm.

with JF~ = 1245 HZ t -6.6 ppm with J pF = 1243 HZ t -5.8 ppm with J pF =
967 HZ t and -1.9 ppm with JpF = 1277 Hz.

Since the low field doublet in the spectrum of F2PNCH
3

NCH
3
PF2

has been attributed to the cis-isomert the doublets at -15.6 and -5.8

ppm are assigned to the fluorines in the cis-complex. Each member of

the doublet at -15.6 ppm is split into another doublet t J pNNPF = 25 Hz.

As the chemical shift of these peaks is very close to the chemical shift

(-16.3 ppm) assigned to the F2P- resonances in cis-F2PNCH3NCH3PF2t

these peaks are tentatively assigned to fluorines attached to an un-

complexed phosphorus. The other doublet at -5.8 ppm is split into a

poorly defined multiplet. Since the fluorines of the coordinated

F
2
P- group could couple with the boron t the borano protons t and the

phosphorus at the other end of the molecule as well as with the methyl

protons, much multiplicity is expected in this signal. The chemical

shift, -5.8 ppm, is 10.5 ppm upfield from that of the free ligand and

compares favorably with values of -12.4 ppm and -4.3 ppm for F2P(NCH
3

)2

8
and F2PN(CH3)2·BH3 respectively.

The doublets at -6.6 and-l.9 ppm are tentatively assigned to

the fluorines in the trans-complex. The doublet at -6.6 ppm is split

into another doublet due to PNNPE. coupling of 25 Hz. It is assigned to
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the fluorines bonded to the uncoordinated phosphorus atom in the trans-

complex. In the free ligand the chemical shift of the trans-isomer is

-7.8 ppm. The other doublet at 1.9 ppm is split into a mUltiplet by

coupling of the fluorines with boron, borano protons, methyl protons,

and the nonadjacent phosphorus atom and is assigned to the fluorines

bonded to the coordinated phosphorus atom in the trans-complex. The

low intensity (ca. 30% of any assigned peak) doublet at -7.3 ppm is not

assigned to the complex and is not found in the spectra of the free

ligand or the bis(borano)-complex of the ligand. Therefore it may be

an impurity.

The lH nmr spectrum of F2PNCH3NCHlF2·BH3 taken at 30 0 is shown

in Fig. 41. It consists of two doublets of triplets at 0-3.11 ppm and

-2.98 ppm and a broad 1: 1: 1: 1 quartet of doublets at 0-0.15 ppm. In

the doublet at -3.11 ppm J pNCH = 7.4 Hz and J FPNCH = 3.2 Hz, while in

the doublet at -2.98 ppm, J pNCH = 5.8 Hz and J FPNCH = 3.0 Hz. In the

quartet J BH = 87 Hz and J pBH = 4 Hz.

In this complex, coordination of one borano group at a phosphorus

atom has made the methyl protons nonequivalent and has destroyed the

virtual coupling of the two 3~ nuclei which exists in the spectrum of

the free ligand. The low field doublet of triplets at -3.11 ppm is

assigned to the methyl protons closer to the phosphorus atom coordinated

to the borano group. In phosphorus-coordinated F2PN(CH3)2·BH3' the

chemical shift of the methyl protons changes from -2.38 to -2.53 ppm

upon coordination. Sr. Fleming attributes this deshielding of the

methyl protons to the electron-deficient borano group. 8 The doublet at
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-2.98 ppm is assigned to the methyl protons which are nearer to the

uncoordinated phosphorus atom. The chemical shift change, with

respect to that of F2PNCH
3

NCH
3
PF2 , is downfie1d, but less so than for

the other methyl group near the coordinated borano group. This is

understandable because this methyl group should feel the influence of

coordination to a lesser extent than should the methyl group which is

closer to the site of coordination.

The broad 1: 1: 1: 1 quartet of doublets at -0.15 ppm is assigned

to the borano protons. The coupling constants, J BH and J pBH ' are 87

and 4 Hz compared with -0.30 ppm a'ld J BH = 100 Hz and J pBH = 17 Hz

which have been found for F2PN(CH3)2·BH3.8
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The 19F nmr spectrum of F2PNCH3NCHlF2' 2BH
3

taken at _500 is

in Fig. 42. The spectrum is identical to one taken at 200
• It can be

interpreted as a doublet of doublets due to interaction of the

f1uorines with the adjacent and the distant phosphorus atoms in the

molecule. The chemical shift is at -8.3 ppm, with J pF = 1197 Hz and

J pNNPF = 20 Hz. Each member is again split into a 1:1:1:1 quartet by

a 1~ nucleus which further splits into 1:3:3:1 quartets through inter-

action with the three borano protons.

Line drawing of coupling in F2PNCH3NCH3PF2·2BH3

ignoring PF and !!.CNPK. coupling.

The coupling constants are J BPF =16.2 Hz, J HCNPF = 3.2 Hz, and

J HBPF = 15 Hz. These values compare favorably with those for

8
F2PN(CH3)2·BH3 where 0-8.1 ppm, JpF = 1197 HZ, and JFPB = 17 Hz.

The chemical shift of the complex is upfield from that of the free

ligand by 8.0 ppm which can be compared to the 8.1 ppm upfield shift

observed in F~PN(CH~)2 upon coordination of its phosphorus atom with a
Co .::>

borano group. The value of J BPF is typical for the PBF linkage and

thus strongly suggests coordination of the phosphorus. In a variety

of compounds containing BPF units typical values of J
BPF

are 5-20 Hz3 ,5,8

while long range ~F coupling virtually is never observed.
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The simplicity of this spectrum, when campared to those of

F2PNCH3NCH3PF2 and F2PNCHlCHlF2·BH3, is surprising. The temperature

dependence and evidence of cis-trans-isomerism both are missing. As

mentioned previously, coordination of a F2P- by a BH
3

group shifts the

19F nmr resonance upfield. Since the chemical shift of -8.3 ppm is

downfield fram the -7.8 ppm chemical shift assigned to the transform

of the free ligand, the bis(borano)-complex appears to exist solely in

the cis-form. In terms of this assignment, an 8.0 ppm upfield shift

occurs upon coordination of the cis-isomer with two borano groups.

The ~ nmr spectrum of F2PNCHlCHlF2· 2BH
3

taken at 30° is

shown in Fig. 43. It consists of a doublet of triplets at 0-3.12 ppm

for the six equivalent methyl protons which are coupled to one

phosphorus, J pNCH = 7.2 Hz, and two fluorines, J FPNCH = 2.5 Hz, and a

broad quartet of doublets at 0-0.67 ppm with J BH = 104 Hz and J pBH =
16 Hz. As is the case for the monoborano complex of this ligand, the

chemical shift for the methyl protons is downfield compared to the

chemical shift of the free ligand and is identical to the chemical

shift of the methyl protons nearer to the coordinated borano group in

the monoborano-complex. The borano protons appear at 0-0.67 ppm.

These values are similar to those for F2PN (CH3)2· BH3 where 0CH
3

and

0BH3 are -2.53 and -0.30 ppm and J BH and J pBH are 100 and 17 Hz. The

value of J pBH is also typical of PBH linkages and lends further credence

to the supposition that complexation occurs at the phosphorus. 3,5,8

In this complex the virtual coupling of the phosphorus nuclei is

destroyed.
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B. REACTIONS WITH BORON TRIFLUORIDE

Boron trifluoride is generally considered to be a hard Lewis

acid which forms its most stable complexes with bases that are not

easily polarized (Le., hard Lewis bases). 8 Thus in XnP(NCH3NCH3)3_nPXn

where there are several potential coordination sites, boron trifluoride

might be expected to coordinate at nitrogen in preference to the

usually soft base, phosphorus. In fact, boron trifluoride in its

several reactions (see below) with XnP(NMe2)3-n always coordinates at

nitrogen, except when disproportionation occurs. 4,8,56

1. P(NMe2)3 + 3 BF3 - 3 Me2NBF2 + PF
3

2. P(NMe2)3 + 2 BF3
---+ Me2NPF2 + 2 Me2NBF2

3. C1P(NMe2)2 + BF3 ---+ C1P(NMe2)2· BF3

4. C12PNMe2 + BF
3

-r C12PNMe2 ·BF
3

5. FP(NMe2 )2 + BF3
-r F2PNMe2 + Me2NPF2

6. F2PNMe2 + BF
3

---+ F2PNMe2 ·BF
3

7. PF3 + BF3 ~ no reaction

8. NMe
3

+ BF
3

---+ 14e3N.BF3

similar behavior.
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1. DESCRIPTIVE CHEMISTRY

The reaction of P(NCH3NCH3)3P with BF3 at 27° resulted in an

unidentified yellow solid. When the reaction was run at _112 0 for 25

hr t 3.3 rnmo1e BF3 reacted with 1 mmole P(NCH3NCH3)3P forming a light

yellow solid. No more BF3 reacted after this time. The product gave

off BF
3

upon warming. Vapor density measurements and the infrared

spectrum of the gas that remained after the reaction was over and of

the gas that was given off upon warming the complex showed that it

was

500

BF
3

• The mass spectrum of the yellow product had peaks as high as

+and no peaks corresponded to P(NCH3NCH3)3P.XBF3' The composition

of this solid product is uncertain.

When excess BF
3

and C1P(NCH3NCH3)2PCl are mixed together at 270

they react rapidly. A mixture of complexes was isolated as a yellow

tacky semi-solid which gave off BF3 slowly at room temperature. The

~ nmr spectrum, which is discussed in detail in the next section,

had an intense doublet at 0-2.96 ppm with J pNCH = 16.0 Hz, which is

nearly identical to that of the free ligand where 0-2.98 ppm and

J pNCH = 16.5 Hz. The pmr spectrum of the complex, however, contained

same low intensity peaks near the large doublet. The 19F nmr spectrum

indicates the presence of coordinated BF
3

and the mass spectrum showed

+a peak that corresponds to C1P(NCH3NCH3)2PC1.2BF3' The data thus far

available indicate that the product obtained is probably a mixture of

various C1P(NCH3NCH3)2PC1-BF3 complexes which have the BF3 coordinated

loosely to the nitrogen atoms. Tightly bonded BF3 groups should create

a large change in the chemical shift of the -NCH
3

protons, and this
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change should be downfield relative to the chemical shift of these

protons in the free ligand, similar to the changes in chemical shift

observed for the methyl protons in (CH3)3N and (CH3)3NBF3 where the

chemical shifts are -1. 91 and -2.80 ppm respectively.

The reaction of BF
3

with C1
2

PNCH
3

NCH
3
PC1

2
yielded a yellow solid

that was not well characterized. At _126° the ratio of BF3 to

C12PNCH
3

NCH
3
PC12 in the complex was 1: 1. Upon warming to room tempera­

ture the complex partially dissociated. The ~ nmr spectrum of the

partially dissociated complex is very different from that of the free

ligand and consists of a multiplet ca. 1.5 ppm downfield from the

triplet in the nmr spectrum of the free ligand. This change is much

greater than for other complexes where the Lewis acid is coordinated

to phosphorus, perhaps indicating that in this complex a stable N-BF3

bond has been formed, or that elimination of -PC12 with subsequent N-BF
2

bond formation has occurred. The mass spectrum was inconclusive and no

free or coordinated BF3' nor any 19F , was detected in the 19F nmr

spectrum.

No complex of FP(NCH3NCH3)2PF and BF
3

formed when excess BF
3

was mixed with FP(NCHlCH3)2PF at 27° for 15 hr. In the case of FP(NMe2 )3

and BF3' P-N bond cleavage occurs producing F2BNMe2 and F2PNMe2 • Thus

it is not surprising that no FP(NCH3NCH3)2PF.XBF3 was isolated.

Boron trifluoride reacted with F
2

PNCH
3

NCH
3
PF

2
in a 1:1 mole

ratio to give a labile complex thought to be bis(difluorophosphino)-1,2-

dimethy~vdrazine-borontrifluoride, F2PNCH3NCH3PF2·BF3. It can be

distilled at room temperature. A dissociation pressure vs temperature

plot is shown in Fig. 44. The mass spectrum. of the complex showed only
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free F2PNCHlCHlF2. This could mean that either no complex exists at

room temperature or that the BF3 group is so labile at room temperature

that no separate distinct nmr signal could be observed for two kinds of

methyl protons in the complex. If the dissociation and reformation of

the complex is rapid, then the ~ nmr spectrum that was obtained could

be the time average signal of the nonequivalent methyl protons and un­

complexed ligand. The temperature dependent 19F nmr spectrum of the

complex indicates that nitrogen-coordinated BF
3

is present in the

complex. This evidence and the stoichiometric data for the reaction

give the basis for postulating the existence of a complex of composition
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2. SPECTRAL DATA

The mass spectrum of the product obtained by reaction of BF
3

upon ClP(NCH3NCH3)2PCl taken at 20 ev at 20° is shown in Fig. 44. The

fragmentation pattern of the complex is shown in Fig. 45. The peaks are

identified in Table 9. A peak having 0.3% abundance corresponding to

+ClP(NCHlCH3)2PC1.2BF3 at mle 384 was detected. Higher mass peaks were

not observed. The peaks above mle 248 are present in less than 1%

+
abundance. A peak at mle 316 corresponds to ClP(NCH3NCH3)2PC1.BF3. A

peak at mle 365 is from ClP(NCH3NCH3)2PC1B2F5+' while the peak at 349

is from ClP(NCHlCH3)2PB2F6+. A peak at mle 330 is from ClP(NCH3­

NCH3)2PB2H5+ and that at 297 is from ClP(NCH3NCH3)2PClBF2+. The peak

at mle 267 is from C4H12C12FN4P2+.

The ion due to ClP(NCH3NCH3)2PC1+ at m/e 248 is present in 45%

abundance compared to 100% abundance in the mass spectrum of the free

ligand. . +A very small peak at mle 68 ~s from BF3 • There are two peaks

present in 100% abundance in this spectrum. One is at mle 60 and is

from CH
3
NP+. The other is at mle 159 and is from C1

2
PNCH

3
NCH

3
+ which

must form through a rearrangement facilitated by the presence of BF
3

•

Although this ion is 100% abundant in the mass spectrum of C12PNCH
3
­

NCHlC12, the ~ nmr spectrum of this complex shows that no C12PNCH
3

­

NCHlC12 was present, and that the ion at mle 159 must be generated

from the complex. The assignment of the other peaks in the spectrum

are the same as those in the spectrum of the free ligand and need not

be mentioned again.
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m/e Percent Abundance Assignment

43 20 +
CH

3
N2

45 2 +C2H6N

58 11 +C2H6N2
60 100 CH NP+

3
68 trace BF +

89
3 +

1 C2H6N2P

95 5 CH C1NP+
3 +

118 3 C3H9
Nl

124 7
+C2H6CIN2P

18 +
155 C2H6CIN2P2

100 +
159 C2H6C12N2P

4 +
171 C3H10C1N2P2
190 27 C2H6C12N2P2+
206 3 C3H10C12N2P2+
213 4 C4H12C1N4P2+
248 45

+
C4H12C12N4P2

267 1 C4H12ClFN4P2+
297 0.3 C4H12C12N4P2BF2+
316 0.1 +

C4H12C12N4P2BF3
330 0.4 C4H12C1N4P2B2F5+
349 1 C4H12C1N4P2B2F6+
365 0.2 C4H12C12N4P2B2F5+
384 0.3 C4H12C12N4P2B2F6+

Metastable Process Transition

+ +
89C1P(NCH3NCH3)2PCl -l- C12PNCH

3
NCH

3
+ PNCH

3
NCH

3
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+
C1P(NCH

3
NCH

3
) 2P • 2BF3

(349)

+
B2F5°C1P(NCH3NCH3)2P

(330 )
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The 19F nmr spectrum of C1P(NCH3NCH3)2PCl.XBF3 taken at 25° is

shown in Fig. 46. Two broad peaks at 70.4 and 73.6 ppm are assigned

to boron trifluoride coordinated to nitrogen atoms. ~e presence of

these peaks supports the argument that boron trifluoride does coordinate

to C1P(NCH
3

NCH
3

)2PCl, since the values of the chemical shifts are near

those expected for B-N coordination. 4,8

The ~ nmr spectrum of C1P(NCH3NCH3)2PCl'XBF3 taken at 27° is

shown in Fig. 47. The two most intense peaks resemble the doublet

present in the spectrum of the free ligand. The chemical shift is

-2.96 ppm and J pNCH = 16.0 Hz, compared to -2.98 ppm and 16.5 Hz for

the free ligand. Some lower intensity peaks are present in this

spectrum, and are absent in the spectrum of the free ligand. The

chemical shift of the methyl protons in an F
3

B:NCH
3
- moiety should be

about 1 ppm downfield from the -NCH
3

proton chemical shift in the un­

complexed ligand. Here this is not the case. In view of this

negligible change in the chemical shift and the low intensity of the

other peaks in the spectrum, it appears that the BF3 groups are

coordinated very loosely.

The ~ nmr spectrum of the product obtained by the reaction of

BF
3

with C12PNCH
3

NCH
3
PC12 taken at 25° is shown in Fig. 48. It con­

sists of at least 5 non-symmetrical peaks at 0-4.21 to -4.40 ppm which

are about 1.5 ppm downfield from the methyl protons; chemical shift in

the free ligand. The change in chemical shift in (CH
3

)3N•BF3 relative

to (CH3)3N is 0.9 ppm downfield. This change in chemical shift is

considerably larger than those changes observed for complexes where
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the ligand coordinates via phosphorus which is three atoms from the

protons. If C12PNCH3NCHlC12 coordinates via a nitrogen, which is

two atoms from the protons, then the chemical shift of the protons

should be affected to a larger extent compared to complexes having

phosphorus coordination. In C1P{NCH3NCH3)2PCl'XBF3' F2PNCH3NCH3PF2·BF3"

and F2PN{CH3)2·BF3' the chemical shift change is small or negligible,

indicating that the N-BF3 bond is very labile. In this material, the

change in chemical shift is large and indicates a stronger, less

labile N-B bond, possibly arising from replacement of a -PC12 group

by a -BF2 group.

The 19F nmr spectrum of F2PNCH3NCH3PF2'BF3 taken at _70 0 and 300

is shown in Fig. 50. This spectrum is quite similar to that of the

free ligand in that it is temperature dependent. The chemical shifts

of the !.2P_ in the cis- and trans-complexes are -16.3 and -7.9 ppm,

with J pF = 1208 and 1244 Hz, and J pNNPF = 17 Hz and 18 Hz respectively

which are essentially identical to the chemical shifts and coupling

constants (-16.3 and -7.8 ppm, 1209 and 1243 Hz, and 14 and 20 Hz)

for cis- and trans-F2PNCH
3

NCH
3
PF2 • However, there is another resonance

at +74.0 ppm which is assigned to coordinated BF
3

• In F2PN{CH
3

)2

and F2PN{CH3)2·BF3' the chemical shifts of I 2P- are -12.4 and -0.1 ppm

and that of N'BF
3

is +71.9 ppm. 8 Uncoordinated BF
3

resonates at

8+48.4 ppm. The negligible change in the !QP- resonances upon coordina-

tion of the BF
3

is somewhat surprising because the change of ca. 10 ppm

upfield is typical for !.2PN upon coordination of BF
3

at nitrogen. 4,8

In this compound perhaps the NBF3 bond is very weak and a BF3 exchanges
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coordination sites on the same molecule very rapidly. The fact that a

typical NBF
3

19F nmr resonance occurs while no resonance corresponding

to uncamp1exed BF
3

is in the spectrum supports the structure assigned

to the complex.

The ~ nmr spectrum of F2PNCH3NCHlF2· BF3 taken at 25° is shown

in Fig. 51. It is very similar to that of the free ligand. The chemical

shift of the methyl protons is -2.84 ppm (compared to -2.87 ppm in the

free ligand), and J FPNCH = 2.8 Hz and J pNCH + J pNNCH = 8 Hz (compared

to 3.0 and 8.8 Hz for F2PNCHlCHlF2). The phenomenon of virtual

coupling is still present in this spectrum. These minor changes in

chemical shift and coupling constants upon coordination of BF
3

to nitro­

gen are normal. In F2PN(CH3)2 and F2P{NCH3)2·BF3' the chemical shifts

(in benzene) are -2.15 and -2.22 ppm. 8
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C. REACTIONS WITH HEXAFLUOROBUTYNE-2

1. DESCRIPTIVE CHEMISTRY

The reactions of F2PNCH3NCHlF2 and P(NCH3NCH3}l with the ex­

cellent dienophile hexafluorobutyne-2, CF
3

CCCF
3

, was attempted in order

to investigate the double bond character of the phosphorus-nitrogen

bonds. If the extent of p1T -+- d'lT N-+P dative bonding is great enough,

then possibly a Diels-Alder addition complex of F2PNCH
3

NCH
3
PF2 might

F
F.. 'P

, ~CH3

N - C -CF
t n 3

N - C - CF
P; 'CH 3

F" 3
F

fF3
C
III
C
CF

3

However, no addition complex was isolated when CF
3

CCCF
3

and F2PNCH
3
-

form according to the equation

NCH
3
PF2 were heated as high as 60°.

A similar reaction between CF
3

CCCF
3

and P(NCH3NCH3}3P was carried

out. A yellow solid containing CF3CCCF3 and P(NCH3NCH3}3P in a 1:1

mole ratio was obtained. It did not melt when heated to 300°. The

mass spectrum of this product was inconclusive. The product, when

first formed, is soluble in chloroform and trichlorofluoromethane.

Upon evaporation of solvent from a chloroform solution, the product

became less soluble in chloroform. The product thus treated is

spai.'ingly soluble in acetonitrile a.'1d a. saturated solution had ultra-

violet absorptions at 204 and 218!1ll.1. The molar extinction coefficients

were not obtained.
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1
The H nmr spectrum of [CF3CCCF3P(NCH3NCH3)3P]n indicates that

most of the methyl protons are equivalent, and the phenomenon of virtual

coupling still exists in the adduct. However, the 19F nmr spectrum is

very complex, indicating that several different types of fluorines

are in the adduct. No monomeric 1:1 adduct having equivalent methyl

protons can be formed from these reactants. The product appears to be

polymeric, but no detailed structure can be proposed because of the

paucity of data presently at hand.
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2. SPECTRAL DATA

The 19F nmr spectrum of [CF3CCCF3·P(NCH3NCH3)3P]n is shown in

Fig. 52. The only other source of fluorine in addition to those in

the adduct is fram unreacted or dissociated CF
3

CCCF
3

, which appears

as a singlet 0-21.4 ppm. However, this spectrum of the adduct is

much more complex than the single line spectrum of CF
3

CCCF
3

• This

spectrum has 10 distinct peaks, and same ~f these peaks have fine

structure. No peak corresponding to uncomplexed CF
3

CCCF
3

is present

in the spectrum. The positions of the peaks in the spectrum are

tabulated below.

CHEMICAL SHIFT
0, ppm (TFA)

J, Hz REMARKS

-30.7

-29.4

-21.6

-20.4

-18.8

-17.4

-14.2

-2.35

'-:-l.3

+1.4

small singlet

small singlet

? broad

? small

? small

3, 6 multiplet - two quartets?

10 quartet

3, 6 multiplet

smell

small
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The ~ nmr spectrum of [CF
3

CCCF
3

·P(NCH
3

NCH
3
)lln taken at 25° is

shown in Fig. 52. It is a ver,y intense distorted triplet at 0-2.81

ppm with 15.8 Hz separating the outer peaks plus eight less intense

peaks (each being less than 10% of any peak in the triplet) which

appear at -2.60, -2.62, -2.69, -2.78, -2.84, -2.93, -3.10, and -3.12

ppm. The shape of' the large triplet at -2.81 ppm is very similar to

that of that in the spectrum of P(NCH
3

NCH
3

)l where the chemical shift

is -2.74 and the separation of outer peaks is 14.9 Hz. Although no

double resonance experiment was performed, it is highly probable

that the line shape of this triplet is due to virtual coupling of the

two 3~ nuclei, since this same phenomenon caused the distorted triplet

in P(NCH3NCH3)3P. All signals appear to be due to NCH
3

protons.
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D. REACTIONS WITH METAL CARBONYLS

1. DESCRIPTIVE CHEMISTRY

Schmutzler has studied the coordination complexes :formed from

36 58metal carbonyls and FnP[N(CH
3
)2]3-n.' He :found that these complexes

are much more stable than the corresponding ones incorporating PF3 or

lU'F2 as ligands and that coordination occurs at phosphorus. Noth et al.

reported that a complex formed when Mo(CO)6 was reacted with

P(NCH
3

NCH
3
)l, but did not give any details of the reaction nor of the

properties of the comPlex. 18 Thus it was of interest to see how

F2PNCHlCHlF2 would behave as a ligand in a metal complex. Its co­

ordinating ability should be similar to those of F2PN( CH
3

)2 and

P(NCH
3

NCH
3
)l. Moreover, it should act as a chelating or bridging

ligand, forming coordinate bonds at both phosphorus atoms.

The reaction of 1 mmole Mo(CO)6 with 0.6 mmole F2PNCH
3

NCH
3
PF2

in methylcyclohexane at 27° was very slow in the absence of ultra-

violet radiation. However, after 3 days of ultraviolet irradiation,

the reaction was complete. The amount of CO emitted was 1.39 romol.

Removal of solvent afforded a gray-yellow solid that was soluble in

chloroform. The ~ nmr spectrum showed only one kind of proton. The

mass spectrum showed a peak that corresponds to Mo2 (CO)10F2PNCH
3

­

NCH
3
PF

2
+ but some Mo-containing peaks at higher m/e were present, so

the fonnulation of the complex may not be M02(CO)10F2PNCH3NCH3PF2'

although the stoichiometry of the reaction corresponds to this

according to the following equation:
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and the ~ nmr spectrum indicates that the complex is relatively pure.

The infrared spectrum does show CO stretching at 1960-2000, 2045, and

8 -120 0 cm as well as absorptions arising from the F2PNCH
3

NCH3PF2

moiety.

A reaction of F2PNCH3NCH
3
PF2 and Fe(cO)5 at 27° was attempted

but no ultraviolet irradiation was used. No reaction took place, and

both starting materials were isolated after being stirred together

for 8 days.
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2. SPECTRAL STUDIES

The single and double ~ nmr spectra, taken at 25°, of the

complex formed when Mo(CO}6 was reacted with F2PNCH
3

NCH
3
PF2, are shown

in Fig. 53. At single resonance it is a doublet of triplets at 0-3.16

ppm with J pNCH = 8.5 Hz and J FPNCH = 2.5 Hz. These values are similar

to those in the free ligand, where 0-2.87 ppm, J pNCH = 4 Hz, and

J FPNCH = 3.0 Hz. The line shape of this spectrum differs from that

of the spectrum of F2PNCH
3

NCH
3
PF2 in that no virtual coupling occurs.

Irradiation of the 3lp nuclei at 3693 Hz caused partial decoupling

as it did for F2PNCH
3

NCH
3
PF2• As was observed in the double resonance

spectra of F2PNCH
3

NCH3PF2 and FP(NCH3NCH3}2PF, irradiation of the 3lp

nuclei caused partial decoupling of !?NC~. This is because the high

power needed to decouple the 3lp nuclei which resonate at three fre-

quencies separated by J pF = ca. 1200 Hz results in unintentional

decoupling of some of the other nuclei, i.e., 19F_~ in the sample.



irradiation at
3693 Hz

single resonance

IS -3.16 ppm

J
pNCH

:: 8.5 Hz

JFPNCH :: 2.5 Hz

FIG. 53. IE NMR SPECTRUM OF Mo( CO) 6 + F 2PNCI!3NCll3PF2 REACTION PRODUCT

I-'
W
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VI. GENERAL DISCUSSION

A new class of compounds having the general formula

XnP(NCH3NCH3)3-nPXn (where X = Cl or F, and n = 0 to 3) has been syn­

thesized and characterized. Three members of this family, C12PNCH
3
­

NCHlC12, FP(NCH3NCH3)2PF, and F2PNCH3NCH3PF2 , have not been prepared

before. P(NCHlCH3)3P and C1P(NCH3NCH3)2PCl have been prepared

previously but not studied in detail. 17,18

Chemically there are many similarities between these compounds

and related amino-, hydrazino-, and hYdroXYlaminoPhosphines. 2,4,5,8,9

The preparation:; of the compounds are all quite similar to those used

to synthesize similar halophosphines. 9 ,36 The only procedure which

does not find close parallels in other systems is the initial prepara-

tion of P(NCH3NCH3)3P from P[N(CH3)2]3 and CH3NHCN3NH.2HC1, and even

this is formally similar to reported transamination reactions. 59 The

difficulty noticed in the fluorination of C1P(NCH3NCH3)2PCl is perhaps

somewhat unusual; however, other workers have noted some difficulty in

preparing various monofluoro derivatives. For example, FP[(NCH
3

)2]2

cannot be prepared via fluorination of C1P[N(CH
3

)2]2 with SbF
3

•8, 35

The relative lability in reactivity of the phosphorus-halogen

bonds is also quite similar between these and other compounds. The

are readily interconvertable, while the fluoro derivatives are much

less labile. Similar behavior has been noted for other hydrazino-

~~d aminohalophosphines where it has been observed that monofluoro

derivatives cannot always be prepared by direct reaction of the
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dif1uorophosphines with the appropriate base even though such reactions

do proceed with the analogous ch1oro compounds.1 ,2,4

Likewise the greater reactivity of the P-C1 bond is demonstrated

in the reactions of the various compounds with BH
3

and BF
3

• In each

of the compounds containing P-F bonds simple, well behaved borano

derivatives could be isolated. However, with the ch1orophosphines,

more complicated behavior was noted with Cl2PNCH
3

NCH
3
PC12• Similarly,

with BF3' the f1uorophosphines seemingly gave simple adducts, while the

corresponding reactions with the ch1oro derivatives were considerably

more complicated. As pointed out above, this behavior closely parallels

the trends seen in the aminoha1ophosPhines. 4,8,36,56 The general

basicity trends also seem to follow those shown by other halophosphines

in that the basicity of the phosphorus seems to exceed that of the

nitrogen to all but very hard Lewis acids. In the case of the hard

acids which may coordinate at the nitrogen, relatively weak complexes

form, indicating that the nitrogen's basicity is quite low. 4,8,56

The gross structural relationships observed between these

compounds may be quite interesting. Clearly when large excesses of

hydrazine are available the formation of a cage compound is favored.

In the presence of PC1
3

, the cage is broken to form a cyclic and

finally a straight chain compound. In no case was evidence of

(-PNCH3NCH3)n-P-polymer formation noted, nor were species such as

rCHl CH
3,

\.NCH3
NCHlCl

NCH3NCHlCl2
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detected (although they may form, and perhaps even be isolated under

very carefully controlled conditions). For a long time it has been

known that the phosphorus-nitrogen compounds form many stable ring

systems. Several cage phosphorus compounds are known (i.e., P406'

P4010, P4[N(CH
3

)2]6,7,9,27 and the exhaustive, nearly fruitless search

for a P-N high polymer certainly indicates that the compounds formed in

the PX2 - CH
3

NHCH
3

NH system are not terribly unique. However, the

interconvertabi1ity of the chlorophosphines may indicate that labile

cagetcyclic:t straight chain systems are quite common to phosphorus-

nitrogen chemistry. D. Whigan had observed such a relationship in

the PC1
3

- H2NN(CH3)2 system where the following interconversions occur,

and suggested that similar behavior might be seen with the aminophos­

phines. 5 If it is permissible to generalize from two studies, one may

postulate that whenever possible such a cage * cyclic * straight chain

series should occur in phosphorus-nitrogen chemistry.

The bonding in phosphorus-nitrogen compounds has aroused much

interest. The properties of these species have often been explained by

postulating pn + d~ character in the phosphorus-nitrogen bond. Such

bonding might explain the chemical and stereochemical properties of

3 8 9 12these compounds. ' " For instance, the difference in lability of

the P-C1 and the P-F bonds in these compounds might be caused by the

P-Cl bond having more ionic character than the P-F bond. This would

not be expected from e1ectronegativity differences, because fluorine

is more electronegative than chlorine, and accordingly, the P-F bond
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would be expected to be more ionic. Since the P-F bond appears to be

more covalent than the P-Cl bond, this might be caused by such double

bond character in the P-F bond. The lone pairs of electrons on fluorine

overlap well with the empty 3d orbitals of phosphorus, making p1T -+ d1T

dative bonding possible. The lone pairs of electrons on chlorine,

however, are too large to overlap well with the empty 3d orbitals of

the phosphorus, and no p1T -+ d1T Cl-+P dative bonding would be expected.

This same concept of p1T -+ d1T dative bonding helps explain why

P(NCH3NCH3)3P is the most stable member of the series. Nitrogen, like

fluorine, should be able to form p1T -+ d1T dative bonds to phosphorus.

However, nitrogen is less electronegative than fluorine, so the degree

of double bond character in a nitrogen-pho~phorus bond should be greater

than in a fluorine-phosphorus bond. Thus the phosphorus in P(NCH3NCH3)3P

should have relatively more electron density around it compared to the

other members of the series, and especially compared to the chloro

compounds, and its stability in air at room temperature is not un-

usual.

The coordination chemistry of FnP(NCH3NCH3)3_nPFn with metals

is a nearly untapped field of research. Much work has been done on the

coordination chemistry of FnP[N(CH3)2]3-n ' and similar coordination

ability of the FnP(NCH3NCH3)3_nPFn compounds should be possible, and

these ligands should be able to act as bident~tes or bridging ligands.

forming metal-phosphorus bonds. P(NCH
3

NCH
3

)3P has been reported to

form a complex vTith molybdenum,18 and a study being made by V. Hu

~nd~cates that th~s ~s true. 26 I thO k °t f d th t... ... ... ... n ~s wor , ~ was oun a

F2PNCH
3

NCH
3
PF2 reacted with MO(CO)6 in the presence of ultraviolet
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light, but the resulting complex was not ful~ characterized.

The physical properties of the straight chain fluoro compounds

are most interesting. Both F2PNCH3NCH3PF2 and F2PNCH3NCH3PF2'BH3

shown temperature dependent 19F nmr spectra which have been interpreted

in terms of hindered rotation within the molecule. In the case of

F2PNCH3NCHlF2 barriers attributed to hindered rotation about the N-N

bond (10.2 kcal/mole) and the P-N bonds of both cis- and trans-isomers

were observed (4.2 and 3.4 kcal/mole respectively). Barriers to rota-

tion previously have been measured in hydrazine, chlorophosphines, and

mixed halophosphines, and evidence for them obtained in fluorophos­

Phines. 6,58 However, this is the first difluorophosphine in which the

P-N barrier has been obtained. Further this appears to be the first

compound in which three barriers have been observed and measured.

Two factors that increase N-N rotational barriers are steric

h · dr d 1 . 1 . ul . th· t 42-47
~n ance an one pa~r- one p~r rep S10ns on e n1 rogens.

In F2PNCHlCHlF2 the substituents on nitrogen are quite bulky and the

F2P_groups are highly electronegative, so this should tend to increase

the energy barrier. However, the lone pair-lone pair repulsions on

the nitrogens should be quite small if p~ + d~ N+P dative bonding occurs.

The fact that the N-N rotational barrier has been measured indicates

that the steric effect is greater than is the decrease in lone pair-

lone pair inte~2ctions resulting from delocalization of the lone pairs

in the p~ + d~ bonds. The three factors which contribute to the P-N

rotational barriers are steric effects, lone pair-lone pair repulsions

between phosphorus and nitrogen, and p~ + d~ N+P dative bonding. 6,39,40,58
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The 19F nmr spectral data have been compiled in Table 10 along

with some selected data for similar compounds. It is evident that the

chemical shifts of the fluorines move upfield as the number of fluorines

on the phosphorus decreases. This trend occurred in FnP[N(CH3 )2]3-n'

FnP[NCH
3

N(CH
3

)2]3-n ' and FnP(NCH
3

0CH
3

)3_n .3,8 The large values of J pF

(ca. 1000-1300 Hz) are consistent with those noted for similar cam-

348pounds. " The !!.CNP!. coupling constants are 2-4 Hz and agree with

those obtained from the lH nmr data for these compounds and are also

in the right range. Lozg range !:NNP!. coupling was observed, and the

values of

-14 Hz in

J pNNPF were

10
F2POPF2 •

-14 to -25 Hz and compare favorably to J POPF =

Coordination of BH
3

at F2P- resulted in the chemical shift moving

upfield by ca. 8 ppm, while coordination of BH
3

at FP- resulted in

the chemical shift moving downfield by ca. 8 ppm, and coordination of

BF
3

at F2PN- did not affect the chemical shift of the !.2PN signifi­

cantly, although the chemical shift of the !.3BN moved ca. 25 ppm up­

field. Similar trends were observed for F2PN(CH3 )2· BH3' F2PN(CH3)2·BF3'

8
and FP[N(CH3)2]2·BH3.

The ~ chemical shifts and coupling constants for the compounds

studied in this work and for some related compounds are presented in

Table 11. The spectra are in good agreement with the proposed structures

of the compounds. The relative peak intensities and small chemical shift

differences observed between CH
3

resonances in CH
3

NH-CH
3

NH demonstrate

that no rearrangements of the nitrogen moieties have occurred, except

possibly for the product obtained by the reaction of BF
3

and C12PNCH
3
­

NCH
3
PC12" The !:NC~ coupling constants determined from the observed
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and calculated spectra are of the same magnitude as the JpNCH = 5-15

Hz observed in several alkylamino compounds. 4,8,32 The J
pNNCH

values

were determined from the theoretical spectra in compounds where virtual

coupling occurs; in other compounds J pNNCH = O. The chemical shifts

are comparable to those of similar compounds. The !pNC!!, coupling

constants are well within the range of 2-5 Hz reported for similar

couplings in F
n

P(NRR l )3_n ,4,8,32 and agree with those determined from

the 19F nmr spectra.

The ~NCH coupling constants are less for the fluoro compounds

than for the chloro compounds. The chemical shifts of the chloro

compounds are downfield from the fluoro compounds, which in turn are

downfield from that of P(NCH
3

NCH
3
)lo The chemical shifts of C1

2
PNCH

3
­

NCH
3
PC12 and F

2
PNCH

3
NCH

3
PF2 are downfield from those of C1P(NCH3NCH3)2PCl

and FP(NCH3NCH3)2PF respectively.

Coordination of BH
3

at the phosphorus atoms resulted in the

chemical shift moving downfield slightly. Coordination of BF3 at the

nitrogen did not affect the chemical shift of the NC~3 significantly.

Similar trends were observed for F2PN(CH3)2· BH3' F2PN(CH3)2·BF3' and

8
FP[N(CH3)2]2oBH3°

The molecular ions of XnPN(CH3NCH3)3_nPxn were found in their

mass spectrao Their presence is important since the analysis of the

compounds was done by mass spectroscopy. The cracking pattern of

these compounds are quite similar with P-N, N-N, and P-X bond cleavage

predominating. Very little N-C or C-H bond cleavage was observed. In

derivatives of PC1
3

and H2NN(CH
3

)2' no N-N bond cleavage occurred, but

a small amount was noticed in derivatives of PX
3

and HNCH
3

N(CH
3

)2. 1 ,5
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This might be interpreted as a weakening of the N-N bond when both

nitrogens are bonded to phosphorus.

One interesting phenomenon that occurred extensively in the

mass spectra at low ionization energy of C1P(NCH3NCH3)2PCl,

FP(NCHlCH3)2PF, and F2PNCH3NCH3PF2, and to a small extent, of

P(NCH3NCH3)l, but not in that of C12PNCH3NCHlC12' was formation of a

+ + +(p - 42) ion. A metastable transition for the process P + (p - 42) +

(42) was observed in the spectra of these canpounds. It is very diffi-

cult to postulate a reasonable mechanism for this process. Even the

stoichiometry of the process is uncertain. Both CH2N2 and C2H4N have

a mass of 42 and the resolution available on the spectrometer used

does not permit high resolution molecular weight determination. Since

F2PNCHlCHlF3 undergoes this rearrangement, and in so doing leaves

a fragment which contains both phosphorus atoms, two -NCH
3

NCH3­

linkages in the parent ion are not necessary in order to retain the

P-x groups.

The mass spectra of the complexes are very similar to those of

the free ligands. In some cases, especially in the fluorophsphine

complexes, no parent ion for the complex could be detected.



TABLE 10. 19F NMR DATA

----
0, PPM J, HZ

Compound T,oC PF BF PF PNNPF HCNPF BPF HBPF

PF3 25 -43.4 1400

FP[N(CH3)2];? 25 +22.3 1045 3-4

F2PN(CH3)2 25 -12.4 1194 3-4

FP[NCHl(CH3)2]2 25 +23.8 971 3.5

F2PNCH3N(CH3)2 25 -12.4 1184 3.1

FP(NCH3NCH3)2PF 25 +26.3 1023 19 3.5

F2PNCH3NCHlF2 160 -12.3 1217

cis-F2PNCH
3

NCH
3
PF2 -40 -16.3 1209 14 3.0

trans-F2PNCH
3

NCH
3
PF2

_!~O - 7.8 1231 20 3.0

cis-F2PNCH
3

NCH
3
PF2 -144 -21.9 1210

-17.2 1185
-17.1 1185
-12.2 1250

trans-F2PNCH
3

NCH
3
PF2 -144 - 9.4 1230

- 8.3 1240

FP(NCH3NCH3)2PF.2BH3 25 + 4.5 1159 20 3.5
I-'
-l=""
-l=""



TABLE 10 (continued).

6, PPM J, HZ

Compound T,oC PF BF PF PNNPF HCNPF BPF HBPF

cis-F2PNCH3NCH3PF2·BH3 -62 - 5.8 967

cis-F2PNCH3NCH3PF2·BF3 -62 -15.6 1165 25

trans-F2PNCH3NCH3PF2·BH3 -62 - 1.9 1277

trans-F2PNCH3NCH3PF2·BH3 -62 - 6.6 1243 25

cis-F2PNCH3NCH3PF2·2BH3 25 - 8.3 1197 20 2.5 20 15

FP[N(CH3)2]2· BH3 25 +12.8 1070 3.0

F2PN(CH3)2· BH3 25 - 4.3 1166 3.0 17

BF
3 25 +48.4

F2PN(CH3)2· BF3 25 - 0.1 +71.9 1325 3.0

cis-F2PNCH3NCH3PF2·BF3 -40 -16.3 +74.0 1208 17 3.0

trans-F2PNCH3NCHlF2·BF3 -40 - 7.9 +74.0 1243 17 3.0

C1P(NCH3NCH3)2PCl·XBF3 24 +70.4
+73.6

I-'
~
VI



TABLE 11. 1H NMR DATA

0, ppm J, Hz

COMPOUND PNCB.3 BB.3 PNCH PNCH + PNNCH FPNCH BH PBH

CH3NHCH
3

NH -2.47

CH
3

NHCH
3
NH.2HC1 -2.82

P(NCH3NCH3)l -2.74 14.9

C1P(NCH3NCH3)2PC1 -2.98 16.5

C12PNCH
3

NCH
3
PC12 -3.18 7.0

FP(NCH3NCH3)2PF -2.85 15.0 3.5

F2PNCHlCHlF2 -2.87 5.8 3.0

P[N(CH3)2]3 -2.43 9.0

C1P[N(CH3)2]2 -2.60 12.3

C12PN(CH3)2 -2.82 13.0

FP[N(CH3)2]2 -2.54 7.8 3.0

F2PN(CH3)2 -2.71 9.0 3.6

C1P[NCH3N(CH3)2]2 -2.69 7.3

C12PNCH3N(CH3)2 -2.79 7.2

I-'
.::-
0'\



TABLE 11 (continued).

-
0, ppm J 2 Hz

COMPOUND PNC!!3 B!!3 PNCH PNCH + PNNCH FPNCH BH PBH

FP[NCH3N(CH3)2]2 -2.58 5.7 3.5

FlNCH3N(CH3)2 -2.61 5.2 3.1

BH3·P(NCHlCH3)l·BH3 -2.90 13.25

C1P(NCH3NCH3)3PCl·2BH3 -3.07 10.5

FP(NCH3NCH3)2PF.2BH3 -3.00 8.0 3.5

BH3·F2PNCH3NCH3PF2 -3.11 -0.15 8.4 3.2 87 4

BH3·F2PNCH3NCH3PF2 -2.98 5.8 3.0

BH3·F2PNCH3HCHlF2·BH3 -3.12 -0.67 7.2 2.5 104 16

BH3·FP[N(CH3)2]2 -2.58 -0.33 10 3

BH3·F2PN(CH3)2 -2.53 -0.30 10 3 100 17

C1P(NCH3NCH3)2PC1·XBF3 -3.07 16.0

C12PNCH3NCH3PCI2·XBF3 -4.225
-4.29
-4.40

I-'
~
~



TABLE 11 (continued).

cS, ppm J, Hz

COMPOUND PNC!!.3 B!!.3 PNCH PNCH + PNNCH FPNCH BH PBH

CI2PN(CH3)2· BF3 -2.04

F2PN(CH3)2· BH3 -2.22

[P(NCH3NCH
3

)3P•CF
3
C2CF3]n -2.81 15.8

[Mo2(CO)10F2PNCH3NCHlF2]n -3.16 8.5 2.5

.....

.;::­
())



VIII. EXPERII.mNTAL

A. TECHNIQUES

1. MASS SPECTROSCOPY

The mass spectra were obtained on a Hitachi Perkin-Elmer RMU-6E

mass spectrometer operated by Dr. Mary Roger Brennan. The conditions

used for each sample are presented with its spectrum. The intensities

of the peaks are based upon the mos t intense peak being rated as 100%

abundant. Peaks arising from different isotopes were combined with

that of the most abundant isotope.

2. INFRARED SPECTROSCOPY

The infrared spectra were taken on Beckman IR-5, Perkin-Elmer

Model 700, and Beckman IR-9 infrared spectrophometers and calibrated

with the 1601 em-l absorption of polystyrene. The solid samples were

run as potassium bromide pellets, Nujol mulls on potassium bromide

discs, or in spectrograde carbon tetrachloride or chloroform in sodium

chloride cavity cells. The liquids were run as films on potassium

bromide discs. The gases were run in a cell containing potassium

bromide windows.

3. ULTRAVIOLET SPECTRA

The ultraviolet spectra were obtained using a Cary 14 recording

spectrophotometer with matched qua...-tz cells. T"ne solvent used was

spectrograde acetonitrile.
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4. MELTING POINTS

Samples were placed in glass capillaries that were then sealed.

Melting was done in a circulating oil bath.

5. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

1The H nmr spectra were obtained using Varian A-60 (60 MHz)

and Varian HA-IOO (100 MHz) spectrometers. The latter was equipped

with a variable temperature probe and an NMR Specialties HD-60B

heteronuclear spin decoupler. All chemical shifts are relative to

tetramethylsilane which was used as an internal standard. Samples

were dissolved in ethanol-free chloroform.

The 19F nmr spectra were run on a Varian FA-lOa spectrometer

(94.1 l.ffiz) equipped .Iith a variable temperature probe and an NHR

Specialties HD-60B heteronuclear spin decoupler. Chemical shifts

are relative to trifluoroacetic acid. Trichlorofluoromethane was

used as an internal standard. Samples run at hi~h temperature were

dissolved in n-undecane or 1,1,2,2-tetrachloroethane. Low tempera-

ture samples were dissolved in 2-methylbutane. Room temperature

samples .lere dissolved in ethanol-free chloroform.

Volatile samples were distilled in vacuo into nm~ tubes fitted

.lith ST joints, frozen at -196°, and sealed. Other samples were

placed in nmr tubes in a dry nitrogen atmosphere, solvent was added,

and the tubes were sealed under similar conditions.

All 31p decoupling and 19F nmr exneriments were performed by

Dr. Thomas Bopp.



6. ELEMENTAL ANALYSES

151

Elemental analyses were performed by Galbraith Laboratories,

Inc., Knoxville, Tenn.
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B. MATERIALS USED

The materials used are presented in Table 12.

TABLE 12. REAGENTS USED

Reagent

1,2-Dimethylhydrazine
dihydrochloride

tris(Dimethylamino)­
phosphine

Tetramethylsilane

Antimony trifluoride

Sodium borohydride

Sodium fluoride

Source

Aldrich

Aldrich

Aldrich

Alfa Inorganics

Alfa Inorganics

Allied Chemical Co.

Treatment prior to use

none

none

none

none

none

none

Hexafluorobutyne-2 Peninsular Chemresearch distillation

Boron trifluoride

Calciurn hydri de

Carbon tetrachloride
(spectrograde)

Chloroform (spectre­
grade, ethanol-free)

Tetramethylenesulfone
(Sulfolane )

Undecane

Trichlorofluoromethane

Matheson

Metal Hydrides, Inc.

Mallinckrodt

Matheson, Coleman &
Bell

Phillips Petroleum

Phillips Petroleum

Nuclear Magnetic
Resonance Specialties

distilled from NaF
at _110°

none

none

none

distillation

distillation

distillation

Diethylether (abs.) Matheson, Coleman & Bell distillation
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Table 12 (continued).

Reagent Source Treatment prior to use

Acetonitrile (spectre- Matheson, Coleman & none
grade) Bell

Phosphorus triChloride

Toluene (analytic)

Benzene (analytic)

Potassium bromide
(spectrograde)

Tetrahydrofuran

Diborane

1,2-Dimethylhydrazine

Lithium aluminum
hydride

Molybdenum hexa­
carbonyl

Iron pentacarbonyl

Matheson, Coleman &
Bell

Mallinckrodt

Mal1inckrodt

J. T. Baker Chem­
ical Co.

J. T. Baker Chem­
ical Co.

prepared by reaction
of NaBH4 and H2S04

prepared by reaction
of CH

3
NHCH

3
NH·2HC1

and NaOH

Metal Hydrides, Inc.

Alfa Inorganics, Inc.

Alfa Inorganics, Inc.

distillation

none

none

dried at 200 0

for 12 hr

refluxed over LiA1H416 hr, distilled
from fresh sodium

distilled through
_126° trap

distillation over
CaH2 in vacuo

none

none

distillation
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C. REACTIONS

All reactions involving compounds containing P-Cl or P-F

bonds were done on a high vacuum line. The compounds themselves

were handled either on a high vacuum line or in a dry nitrogen

atmosphere, and were stored in vacuo at _78°.

In a 2-neck 500 ml round bottom flask equipped with two re-

flux condensers, connected to a nitrogen inlet and a mercury bubbler

respectively, were placed 200 ml toluene, 20.0 g (150.2 mmole)

1,2-dimethylhydrazine dihydrochloride and 17. 0 g (104.2 mmole)

tris(dimethylamino)-phosphine. The mixture was refluxed for 50 hr

in a nitrogen atmosphere. After cooling, the solid dimetbylammonium

hydrochloride was removed by filtration. The filtrate was placed on

a rotary evaporator and solvent was removed. Recrystallization from

benzene yielded 28.8 g (120 mmole), or 81.3% P(NCH3NCH3)3P, m.p. 116-117°

(reported 116_117°).18

A flask containing 0.4466 g (1.89 mmole) P(NCH3NCH3)3P in 20 ml

chloroform was placed on a vacuum line. After cooling the flask to

_78° volatiles were removed. PC13 (0.2510 g, 1.83 mmole) was con-

densed into the flask which was kept at -45°. After standing at _45°

for 4 hr with intermittant stirring, the solvent was removed by

distillation at 27° into a -196° trap, leaving 0.6551 g (2.62 mmo1e)
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or 92.1% yield of white, solid ClP(NCH:!CH3)2PCl, m.p. 72_76od (in a

sealed tUbe) in the reaction flask. The ~ nmr signal showed only

18
ClP(NCH3NCH3)2PCl was present.

A flask containing 0.1757 g (7.449 mmole) P(NCH3NCH3)3P and

0.1952 g (7.449 mmole) C12PNCH
3

NCH
3
PC12 in 20 ml chlorofonn and equipped

with a spin bar was placed on a vacuum line, cooled to _78°, and

volatiles were removed. The mixture was allowed to reach 27° and was

stirred for 3 hr, then stored overnight in vacuo at -10°. The solvent

was then removed by distillation at 270, yielding 0.3710 g (1. 4898 mmole)

or 100, of white crystalline ClP(NCH3NCH3)2PC1. The ~ nmr and mass

spectra of the product were identical to those of the product described

in the preceding paragraph, and the nmr spectrum was identical to

that reported by N"oth, P~e, and Henniger. 18

PC1
3

(35.985 g, 262 mmole) was distilled into a flask containing

a spin bar. Then CH
3

NHCH
3

NH (3.638 g, 69.5 mmole) was frozen into the

flask held at -196°. The mixture was allowed to warm to 27° , with

stirring. Formation of solid CH
3

NHCH
3
NH'2HCl was observed. After

stirring for 1 hr the reaction flask was connected to a vacuum filtra-

tion apparatus, cooled to -196°, and the apparatus was evacuated. The

mixture was warmed to 27° and the solid salt was removed by filtration,

yielding 5.54 g (41.5 mmole) of the impure salt as a white solid which

was identified by its infrared spectrum. The filtrate, which contained
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and the distillate was collected in a _780 trap. The residue (2.0115 g)

which was C12PNCH3NCHlC12' was a semi-solid colorless material with low

vapor pressure. The distillate, in which a white precipitate formed in

10 at _780, was redistilled from a _45 0 trap through traps held at

_780 and -196 0 and 0.5300 g (2.01 mmole o C12PNCHlCHlC12 was obtained

in the _45 0 trap and the PC1
3

was held in the _780 trap. The 2.0115 g

of semi-solid C12PNCH3NCHlC12 was mixed with 10 ml chloroform and the

solvent was evaporated from it leaving 1.4765 g (5.63 mmole) of the

desired product in the flask. The total yield of C12PNCH
3

NCH
3
PC12 was

2.0065 g (7.64 mmole) or 25.3% of white crystals, m.p. l75 0d (in a

sealed tube).

PC1
3

(2.748 g, 20.00 mmole) was distilled into a flask held at

_196 0 containing 1.0000 g (4.237 mmole) P(NCH
3

NCH
3
)l in 10 ml chloro­

form. The mixture was allowed to reach room temperature and was stirred

with a magnetic stirrer for 1 hr. The excess PC1
3

and the chloroform

were distilled into a -1960 trap, leaving 3.3301 g (4.236 mmole), or

100% yield of C~PNC~NC~PC1
2

in the reaction flask. The product

thus obtained had the same properties as the C12PNCH
3

NCH
3
PC12 prepared

by the first method. When the product was destined for reaction with

SbF
3

and purity was not essential, small amounts of PC1
3

were left in

contact with the product to prevent decomposition during storage.

A glass tube containing 1. 4675 g (5.63 mmo1e) C1
2

PNCH
3

NCH
3
PC1

2

was filled with dry nitrogen gas, cooled to -196°, and 3.5 g (20 mmole)

SbF3 and a spin bar were added rapidly. The tube was quickly placed on
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a vacuum line and evacuated before the mixture was allowed to warm to

27°. When the reaction began, after reaching ca. 0°, the reactants

became green-yellow and bubbling was observed. The mixture was

stirred occasionally, and was cooled in a Dry Ice-acetone bath when-

ever the reagents began darkening. After 2 hr, the volatile products

were distilled from the tube at 27° into traps held at _78 0 and

-196 0
• The desired product was in the _780 trap and PF3 was in the

-196° trap. The F2PNCH
3

NCH
3
PF2 was distilled into a storage vessel

held at _78°. A small amount of white solid formed when the product

was allowed to stand at 25 0
• The yield of colorless liquid

F2PNCH3NCH3PF2 was 0.6323 g (3.23 mmole), or 57.2%.

A slurry of C12PNCH
3

NCH
3
PC12 in tetramethylenesulfone and

diethylether was placed in a fla.sk. NaF and a spin bar were added,

and the flask was placed on a vacuum line, cooled to _196°, and the

volatile components were removed. The flask and contents were allowed

to warm to 270
, then were heated to reflux temperature for 3 hr. The

ether was removed by distillation at 27° into a _78° trap, and the mix­

ture was ref1uxed for 1 hr. Distillation at 60° into a _780 trap

yielded only tetramethylenesulfone. No F2PNCH
3

NCH
3
PF2 was obtained.

A sub1imetor cont~ining 2.1781 g (8.753 mmole) ClP(NCH3NCH3)2PC1

mixed with excess SbF
3

was placed on a vacuum line, cooled to -196°,

and volatiles were removed. The cold finger was cooled to _23 0 using

a carbon tetrachloride slush. The reaction mixture was heated to
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50-70°. The volatile products passed over the finger held at _23°

into a U-tube held at _78° into another U-tube held at -196°. After

6 hr a white solid had deposited on the finger, some liquid had

collected in the _78° trap, and some solid PF
3

(identified by its

infrared spectrum) was in the -196° trap. After removing the sub-

limator fram the vacuum line and allowing the materials inside to

reach 27°, the sublimator was opened in a dry nitrogen atmosphere and

the white solid material was scraped from the finger into a storage

tube. The yield of FP(NCHlCH3)2PF was 0.6321 g (2.92 mmole), or

33.4%, m.p. 55-58°.

F2PNCH
3

NCH
3
PF2 (0.0957 g, 0.490 mmole) was distilled into a

tarred flask on a vacuum line. Another flask containing 0.1235 g

(0.500 mmole) P(NCH3NCH3)3P and a spin bar was placed on a vacuum line,

volatiles were removed, and the flask and contents were weighed. The

flask containing the P(NCH3NCH3)3P was returned to the line, cooled to

_780
, and the FlNCHlCHlF2 was distilled into it at 27°. The mixture

was warmed to 27° and stirred for 1 hr. Chloroform (10 liLl) was

distilled into the flask which had been cooled to -78°. The mixture

was stirred and allowed to stand at 27° for 2 hr. Distillation at 270

into tl'aps held at _78° and -196° rest:.lted in e. ;·rhite solid rem.:';ning

in the reaction flask and a liquid (at 27°) remaining in the -78° trap.

The nmr spectrum of the remaining white solid was that of P(NCH3NCH3)3P.

The nmr spectrum of the distillate showed no peaks due to FP(NCH
3

­

NCH3)3PF•
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A tube containing 0.1008 g (0.427 mmole) P(NCH3NCH3)3P was

placed on a vacuum line, air was removed, and the tube and contents

were weighed. Diborane (2.59 mmole) was condensed into the tube held

at -196°. The tube was then warmed to _126° for 1 hr and then to 27°

for 3 days. The tube was then cooled to _78° and the diborane (2.38

mmole) was frozen into a -196° trap, leaving 0.1071 g (0.1~2 mmole)

P(NCH3NCH3)3P'2BH3' or 99%, in the reaction tube was white crystals

which turned orange and decomposed upon heating to 300° in a sealed

tube.

A similar reaction done in tetrahydrofuran resulted in a

A flask containing 0.1121 g (0.450 mmole) CIP(NCH3NCH3)2PCl was

placed on a vacuum line and evacuated. After cooling to -196°,2.38

mmole B2H6 was condensed into the flask. A _126° bath was placed

around the flask. After 18 hr the pressure due to B2H6 had decreased

by only 7 mm, so the mixture was frozen to -196° and 1 ml dry diethyl-

ether was distilled into the flask. The flask was then warmed to -78°

and maintuined at this temperature overnight. The Et20:BH
3

was then

distilled at _78° into a -196° trap. The diethylether was separated

from the B2H6 by distillation at 27° through traps held at _112° and

-196°. The -196° trap contained 1.8358 mmole B2H6 , hence 0.448 mmole

B2H6 had reacted. The solid material remaining in the reaction flask

odwas pale yellow, m.p. 130 and had an unpleasant odor like that of

P(NCH3NCH3)3P'2BH3' It was sparingly soluble in chloroform.
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A tube containing 0.9356 g (3.571 mmole) C12PNCH3NCHlC12 and

1 ml dry diethylether was placed on a vacuum line. Freshly prepared

B2H6 (1. 729 mmole) was distilled through a _126° trap into the tube

held at -196°. The tube was held at -78° for 21 hr. At that time the

tube was cooled to -196° and a noncondensible gas that had formed

during the reaction was removed. The tube was held at _78° for 1 hr.

The reaction mixture was then warmed to 27° and the volatile contents

were distilled into a -196° trap. The Et20:BH
3

from the -196° trap was

warmed to 27° then distilled through traps held at _112° and _196°

and 1.183 mmole B2H6 was collected at -196°. The material which remained

in the reaction tube was a yellow semi-solid at 27°. Further reaction

with more Et
2

0:BH
3

resulted in formation of an orange solid and more

noncondensible gas (hydrogen). The total amount of B2H6 that reacted

was 5.731 mmole. The orange solid was insoluble in chloroform, carbon

tetrachloride, acetonitrile, carbon disulfide, dioxane, diethylether,

and tetrahydrof'uran. When water was added to the solid, it partially

dissolved, leaving an orange precipitate. The ~ nmr spectrum of this

aqueous solution was identical to that of aqueous CH
3

NHCH
3
NH·2HC1.

A tube containing 0.0471 g (0.218 mmole) FP(NCH3NCH3)2PF was

cooled to -196° and 1.256 mmole B2H6 was condensed in the tube. The

reaction mixture was kept at _126° for 2 hr, then allowed to stand at

27° for 8 days whereupon the pressure was constant. The reaction tube
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was cooled to _78° and 1:015 mmole unreacted B2H
6

was collected in a

trap held at -196°. The product remained in the reaction tube as a

white solid. It was identified by its infrared and 19F and ~ nmr

spectra.

Into a preweighed tube held at _196°, 0.7233 g (3.69 mmole)

F2PNCH3NCHlF2 and 2.167 mmole B2H6 were distilled. After reaching 27°

the pressure of the mixture decreased 8 mm in less than 5 min. The

mixture was a clear liquid and a colorless vapor. After 12 hr the

liquid was light yellow. Distillation at 27° through _78° and -196°

traps was done. A clear colorless liquid remained in the _78° trap.

Excess B2H6 (0.449 mmole) was collected in the -196° trap. The yield

of the colorless liquid in the _78° trap was 0.4303 g (1.92 mmo1e),

or 52.0%, of F2PNCH3NCHlF2'BH3 which was identified by its infrared

and ~ and 19F nmr spectra. Its vapor pressure was 12.5 mm/27°.

Into a tared tube held at -196° 0.2600 g (1.327 mmole) F
2

PNCH
3

­

NCHlF2 and 1.9093 mmole B2H6 were distilled. After standing at 27°

overnight the tube and contents were cooled to _78° and the unreacted

B2H6 was collected in a -196° trap. The diborane not recovered was

1.485 mmole. The product which remained in the tube held at -78° was

then distilled from the tube at 27° into a tube held at -196°. The

vapor pressure of the product was 3 mm/27°. The yield was 1.7023 g
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{0.7962 mmole}, or 59%, of F2PNCH3NCHlF2'2BH3 which was identified

by its ~ and 19F nmr and infrared spectra. The original reaction tube

contained a yellow, nonvolatile solid that was insoluble in chloroform

and carbon tetrachloride.

A tube containing 1 m1 dry THF and 0.1600 g {O. 840 mmole}

F2PNCH3NCHlF2 was placed on a vacuum line and cooled to _196 0
•

Volatiles were removed and B2H6 (0.450 mmole) was condensed in the

tube. The mixture was allowed to stand for a week at 270 and a yellow

solid and a colorless liquid resulted. The material was distilled at

270 into a -196 0 trap, then purified by distillation at 270 through

_23 0
, _45 0

, _780
, and -1960 traps. The -1960 trap contained 0.450

mmole B2H6• The _78 0 contained the THF and the F2PNCH
3

NCH
3
PF2 which

were identified by an ~ nmr spectrum. No reaction occurred.

{identified by its

and measured. The

at -196 0 and 6.00 mmole BF3 was frozen into it.

to _112 0 for 25 hr. At this time the excess BF3

infrared spectrum) was frozen into a -196 0 trap

A tube containing 0.236 g (1.000 mmole) P{NCH3NCH3)3P was held

The tube was warmed

amount of BF3 that had reacted was 3.30 mmole. A yellow solid remained

in the reaction tube. This solid gave off BF3 upon warming.
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A tube containing 0.3781 g (1. 518 nnno1e) C1P(NCH3NCH3)2PCl was

placed on a vacuum line, cooled to -196°, and 2.0534 nnnole BF
3

was

f'rozen in it. The tube was then allowed to warm to 27°, and the

contents reacted very rapidly and an additional 3.0451 nnnole BF
3

was

added, making a total of 5.099 nnnole BF3 used. After 15 hr the tube

was cooled to _112° and 3.17 mmole excess BF
3

was frozen in a-196°

trap, leaving 1. 93 nnnole BF3 coordinated to 1. 518 mmole C1P(NCH
3

NCH
3

)2PC1.

Upon warming to 27° the complex dissociated slowly, giving up 0.323 mmole

BF3. The product was a tacky yellow semi-solid.

A tube containing 0.6469 g (2.47 mmole) C12PNCH
3

NCH
3
PC1

2
w~

placed on a vacuum line and cooled to _196°. BF
3

(3.764 mmole) was

distilled into the flask. The BF3 began reacting immediately as the

tube warmed to 27°. After standing at 27° for 2 d~s, the tube was

cooled to _126° and the unreacted BF
3

was distilled into a -196° trap

and !!leasured. The amount of BF
3

that had reacted was 2.74 mmole.

A tube containing 0.0538 g (0.249 mmole) FP(NCH3NCH3)2PF was

cooled to _196° and 1.235 mmole BF
3

was frozen in it. The tube was

allowed to come to room temperature. The reaction mixture was cooled

to _112° for 5 min then allowed to stand at 21° for 30-60 min. ca. 10

times. The tube was cooled to _112° and the unreacted BF3 was distilled
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into a -196° trap and measured (0.958 mmo1e). The room temperature

19F nmr spectrum showed no comp1exed nor uncomp1exed BF
3

•

A reaction tube containing 0.676 g (3.54 mmole) F2PNCH
3

NCH
3
PF2

was cooled to -196° and 8.54 mmole BF
3

was frozen in the tube. The

mixture was warmed to 27°. After standing for 20 hr the excess BF3

(4.69 mmole) was frozen in a -196° after first cooling the tube to

_78°. A colorless complex containing 3.54 mmole of ligand and 3.85

mmo1e BF3 remained in the tube at -78°. It was identified by its 19F

nmr spectrum.

A tared tube containing 0.1605 g (0.819 mmo1e) F
2

PNCH
3

NCH
3
PF

2

was placed on a vacuum line, cooled to -196°, and volatiles were re-

moved. CF
3

CCCF
3

(2.18 rnmo1e) was condensed into the tube. The mixture

was warmed to 26° for 1 hr, then allowed to stand overnight at _780
•

No gas had reacted after this treatment. The mixture was allowed to

stand at 27° for 48 hr, after which time to CF
3

CCCF
3

had been taken up.

The mixture was heated to 60° for 2 hr. The liquid turned yellow.

The mixture was cooled to _78° and the CF
3

CCCF
3

was collected in a-196°

trep. The amount of CF3CCCF3 recovered was 2.18 rnmole.
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A flask equipped with a spin bar containing 0.3164 g (1.3406

mmo1e) P(NCH!CH3)3P was placed on a vacuum line, cooled to -196°, and

CF
3

CCCF
3

(3.349 mmo1e) was frozen in the flask. The reactants were

stirred for 2 hr at 27° resulting in no pressure decrease. A-45°

bath was placed around the flask in order to condense the CF3CCCF3

(b.p. _24°), then removed and the mixture was stirred again. This

process was repeated several times over a span of 10 hr. During this

time 1.055 mmo1e of gas was taken up. No further reaction took place

upon standing at _45° for 12 hr longer. The product obtained was a

yellow solid, m.p. < 300°.

A Pyrex glass reaction flask containing a spin bar, 33 g methy1-

cyc1ohexane, CTH14' 0.2798 g (1.06 mmo1e) Mo(CO)6' and 0.1192 g

(0.608 mmole) F2PNCH
3

NCH
3
PF2 was placed on a vacuum line equipped with

a Toepler pump. The reactants were cooled to -196° and the air was

removed. The flask and contents were then allowed to reach room tempera-

ture. The reaction mixture was stirred overnight. After cooling to

_196° the pressure attributable to CO was only 2 mIn. The mixture was

then brought to 27° and an ultraviolet light was shined on the mixture

to induce further reaction. After 3 days of irradiation, 1.39 mmole

CO (identified by its infrared spectrum) was removed and measured. The

solvent was distilled from the solid product in vacuo at room tempera-

ture.
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A reaction tube containing a spin bar was placed on a vacumn

line and cooled to -196° and 0.2937 g (1.50 mmole Fe(co)5 and 0.2583 g

(1. 32 mmole) F2PNCH3NCHlF2 were frozen in. The mixture was allowed

to come to 27°, with stirring. Almninum foil shielded the tube from

ultraviolet radiation in order to prevent the side reaction of

hv

Small amounts of yellow solid formed on the walls of the tube after 1

hr. After 72 hr no CO was evolved, so the reaction mixture was

stored in the dark for 6 days. At that time a ~ nmr spectrum of the

mixture was taken, and it was the same as that of the uncomplexed

D. INFRARED SPECTRA
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VIII. APPENDICES

A. DETERMINATION OF ENERGY BARRIERS FOR TWO SITE

EXCHANGE PROCESSES USING NMR DATA

The determination of the activation energy for the exchange

process observed in the 19F nmr spectrum of F2PNCH
3

NCH
3
PF

2
above room

temperature was done by plotting In 1/. vs 103/T, where. = the

exchange time and T = the temperature in oK. At slow exchange,

• = 1/(2n~v) where ~v = half line width at half height. At inter­

mediate exchange, • = 12 I 2n (02 - ~2)1/2 where 0 = separation of

lines at slow exchange and ~ = separation of lines at intermediate

exchange. 2At fast exchange, • = ~vl(n 0 ). The values of 1/. and

103/T were corrected using a least squares method. This line is

plotted in Fig. 68 and has the equation In 1/. = -5.147 x 103 /T +

25.27 Sx.y = 0.33. The activation energy for this process is

10.2 kcal/mole ± 0.7. The data used for this calculation are presented

in Table 13.

The same method was used to calculate the activation energy

for the exchange process assigned to hindered phosphorus-nitrogen

bond rotation in trans-F2PNCH3NC~PF2' The eCluation of the line of

the plot of In liT vs lo3/T is In liT = -1727.7/T + 18.09, Sx.y =

0.7, and the activation energy is 3.4 kcal/mole. The plot of ln liT

vs 103/T is shown in Fig. 69. The data used to calculate the

activation energy are shown in Table 14.



TABLE 13. DATA USED TO CALCULATE ACTIVATION ENERGY FOR

HINDERED NITROGEN-NITROGEN ROTATION IN F2PNCH
3

NCH
3
PF2

182

In 1/T.
103/T

In 1/.
(experimental) T, oK (least squares)

12.4 418 2.39 13.0

12.3 401 2.49 12.5

12.2 391 2.56 12.1

12.0 381 2.62 11.8

11.6 371 2.70 11.4

11.3 361 2.77 11.0

11.0 351 2.85 10.6

7.42 294 3.40 7.77

6.85 284 3.52 7.15

6.23 273 3.66 6.43

5.36 264 3.82 5.62

4.61 243 4.12 4.09

_.- --_ .._-----_ .._--_.
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10000

D. = observed point

51 2 3 4
103fT oK

PLOT OF LOG 1fT vs 103 fT FOR F
2

PNCH
3

NCH
3

PF
2

FIG. 68.

1000 • = point corrected using
least squares method
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TABLE 14. DATA USED TO CALCULATE ACTIVATION ENERGY

FOR HINDERED PHOSPHORUS-NITROGEN ROTATION

IN TRANS-F2PNCH
3

NCH3PF2

In IlL
(experimental)

8.75

6.16

4.97

173

129

5.78

6.37

7.75

In 1/.
(least squares)

8.10

4.70
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10000

\ o

l/T.

1000 o = observed point

• = point corrected using
least squares method

o

100 .<.- ...L..- ~ _'__ ....J_ ___L. .....J

PLOT OF LOG 1/. VS

2

FIG. 69.

3 4 567
103/ToK

103/T FOR TRANS-F2PNCH
3

NCH
3
PF2

8
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B. DEl'ERt1INATION OF AN ENERGY BARRIER FOR A THREE SITE

EXCHANGE PROCESS USING 1~ DATA

Determination of the activation energy for an exchange process

over three sites is not trivial. The method given by C. S. Johnson,

Jr., was used and is outlined here. 55 ,63,64 At fast exchange, the

exchange time was calculated from

2 2, = ~v/4TI«v > - <v> )

where ~v = line width at half height at temperature T,

= (PI v1
2

+ P2 v 2
2

+ P3 v
3

2
)

2 2
<v> = (PI vI + P2 v2 + P3 v

3
)

where vl ' v2 ' and v
3

are the resonant fre~uencies of the three lines

at slow exchange and Pl ' P2 ' and P
3

are the mole fractions at sites

1, 2, and 3. At slow exchange TI~V = 1/T2
i + (1 - Pi)/" where

t 2
i = time a nucleus spends at site i. If 1/T2i is small, then

, = (1 - p.)/(TI~v). A plot of In II, vs 103/T, corrected by the
~

least squares method, is shown in Fig. 70. The data used are in

Table 15. The equation of the line is In 1/, = -2129/T + 20.76,

Sx.y = 0.8. The activation energy for this process is 4.2 kca1/mole

± 1.6.



TABLE 15. DATA USED TO CALCULATE ACTIVATION ENERGY

FOR HINDERED PHOSPHORUS-NITROGEN ROTATION

IN CIS-F2PNCH3NCH3PF2

In 1/T:
103/T

In 1/T:
(experimental) T, oK (least squares)

11.20 233 4.29 11.62

11.00 193 5.18 9.73

7.55 173 5.78 8.45

4.32 129 7.75 4.26

187
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