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ABSTRACT

A new class of compounds having the general formula

XnP(NCH NCH3)3_nPXn (where X =Cl or F, and n = 0 to 3) has been

3
synthesized and characterized. Three members of this family,

ClzPNCH3NCH3PC12, FP(NCH3NCH3)2PF, and F2PNCH3NCH3PF2 have not been

prepared before. Payne, N6th, and Henniger reported the preparation

of P(NCH NCH3)3P and C1P(NCH

3
ccmpletely.l8

3NCH3)2P01, but did not characterize them
Chemically these compounds are quite similar to related amino-
hydrazino-, and hydroxylaminophosphines. The general mode of prepara-

tion is basically the same except for P(NCH NCH3)3P. The relative

3
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 form, indicating thet the nitro-
gen's 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.

iii



This family of compounds and their derivatives were char-

9

acterized by 1H and 1 F nmr, 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

19

F nmr data of F2PNCH NCH_PF The largest, 10.2 kcal/mole, has

37732t
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-FaPNCH3NCH3PF2 and to hindered rotation about the

P-N bond in trans-FzPNCH3NCH3PF2.

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

This is the first fluorophos-

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

rotational barriers have been observed and measured.

iv
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I. INTRODUCTION

Several recent investigations have been directed at deter-

mining the nature of the bonding in compounds containing trivalent

1-10

phosphorus. Chatt and Williams noted that (PF PtC12 and

3)2
(PF3PtClE)2 were chemically and physically much like (CO)2PtCI2 and
(COPtClQ)2 respectively and attributed these similarities to similar
bonding in phosphorus trifluoride and carbon monoxide., They
postulated that the coordinate bond involved a weak og-bond and e w=bond

using the filled d-orbitals of the metal and the vacant 3d-orbitals of

9 When Altonll prepared PF_.A1Cl

3 3?

dative bond as a classical o-bond, because aluminum is a strong acceptor

the phosphorus. Chatt described the
atom when compared to boron. However, Alton explained the dative
bonding in PF3-AlCl3 in terms of a polarization model rather than
using the m-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 alkylaminohalo-
phosphines, Morris and Nordmen have done a single crystal X-rsy
study of dimethylaminodifluorophosphine, F2PN(CH3)2, which showed that

the -N(CH group is planar.12 The P-N bond is 1.63 A compared to a

3)2



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 prm-dm bonding. In the same compound, coordina-
tion occurs at the phosphorus atom when the acceptor is a soft, or

polarizable, Lewis acid, such as borane, BH and at the nitrogen

3
atom only when the acceptor is the hard, nonpolarizable Lewis acid
boron trifluoride, BF3. These basicity trends are unusual because
the parent ligend phosphorus trifluoride is & 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(CH3)2 has double bond cheracter. 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 borane.

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 X PNCH3N(CH3)2, )CP[NCH3N(CH3)2]2, X, PNCH

1,2,8

) 3OCH3,

and XP(NCH OCH3)2, where X is fluorine or chlorine, These

3
compounds resemble the corresponding alkylaminohalophosphines but
have less N-P dative character because of the inductive effect

produced by the electron-withdrawing -N(CH3)2 and -OCH3 groups. They



rated the compounds in order of decreasing N-P dative 7~ bonding as

3)2 > X2PNCH3OCH3. The coordination chemistry

of these compounds has not bean studied extensively, but

X2PN(CH3)2 > X2PNCH3N(CH

F2PNCH3OCH3-BH3, where the borane is coordinated to the phosphorus

atom, has been prepared.

The phosphorus trichloride-l,l-dimethylhydrazine system has

8,13

been studied by Whigan and Goya. They prepared a cage campound,

Ph[NN(CH3)2]6, formed when excess H2NN(CH was mixed with PCl..

3)2 3
This compound could be converted to ClP[NN(CH3)

with PCl3. Reaction of ClP[NN(CH3)2]3

Ph[NN(CH3)2]6. No fluoro derivatives were prepared.

2]3 by further reaction

with H2NN(CH3)2 yielded

Sisler has reported the preparation and study of 2,2-dimethyl-
hydrazinodiphenylphosphine, 1,2,2-trimethyldiphenylphosphine,

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

hyd:ra.zino)—phenylphosphine.lh—16 More recently he has prepared

5)3

the phosphorus atom.

(CH AlP(NCHQNCH3)3PAl(C H_). in which aluminum is coordinated at

2°5°3
17 Payne, N&éth, and Henniger briefly reported the

syntheses, characterization, and scme of the chemistry of P(NCH

PCl,18 while Peterson and Thé have studied

21-2h

3NCH3)3P

and 31P(NCH3NCH3)2

(CF3)nAS(NRNR'R”)3_n where n = 0 to 3



II. STATEMENT OF THE PROBLEM

Payne, No6th, and Henniger reported the syntheses of

3NCH3)3P and ClP(NCH3NCH3)2PCl in 1965.18 It seemed that these

two compounds were members of a family having the general formula

P(NCH

XﬁnP(NCH3NCH3)3_nPXn which were related to the alkylaminohalophosphines,
XhP(NR2)3-n’ which have interesting and well characterized properties.

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

this family, namely bis(dichlorophosphino)-1,2-dimethylhydrazine or

C1,PNCH NCH,PCL,,

FP(NCH3N0H3)2PF, and bis(difluorophosphino)-1,2-dimethylhydrazine or

F2PNCH3NCH3PF2, as well as tris(1l,2-dimethylhydrazino)-diphosphine

or P(NCH3NCH3)3P and bis(1l,2-dimethylhydrazino)-dichlorodiphosphine,

NCH3)2PCI,and studying them. Each of these compounds has

bis(1-2-dimethylhydrazino)-difluorodiphosphine or

C1P(NCH
3
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.h’s’23 In addition, thorough characterization of all members

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

infrared spectroscopy.



IITI. THE PHOSPHORUS TRICHLORIDE - l,2-bIMETHYLHYDRAZINE SYSTEM
A, DESCRIPTIVE CHEMISTRY

NGth and coworkers prepared P(NCH3NCH P by refluxing a mix-

3)3
ture of 1,2-dimethylhydrazine dihydrochloride and tris(dimethylamino)-
phosphine, P[N(CH3)2]3, in benzene for 6k 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
end less solvent evaporated during the reaction. After a 50 hr reaction
in refluxing toluene an 80% yield was obtained.

P(NCH3N0H3)3P is a white crystalline substance, m.p. 116-T°,
which has a foul odor and can be sublimed in vacuo at 50°, It has an
ultraviolet absorption shoulder at Amax 260 nm (e = 555). It is stable
end can be stored at room temperature in a dry atmosphere, The lH nmr
spectrun was identical to that reported by NOth et al.18 The wass
spectral parent peak at m/e 236 is at the calculated molecular weight

for P(NCH3NCH3)3P. Noth et al. 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

2L

of an X-ray study which is presently in progress.

When P(NCH NCH3)3P is mixed with phosphorus trichloride, PCl

3
in equimolar amounts, ClP(NCH3NCH

39

3)2P01 is formed in quantitative

yield according to the following equation.

CHCl3
NCH3)3P-—-————* 3 C1P(NCH

2PC1L, + 2 P(NCH3

3 NCH3)2PC1

3

With excess PC13, however, ClaPNCH3NCH3PCI2 can be isolated in guanti-

tative yield according to the following equation:

4 Pci1_ + P(NCH_NCH.)

3 3 3 3P —~—— 3 ClzPNCH NCH_PC1,.

3773772

It is evident that the Pc13 - P(NCH3

since ClP(NCH3NCH3)2PCI can also be formed by the reaction of

012PNCH3NCH3PC12 with P(NCH

C1P(NCH

NCH3)3P system is quite labile

3NCH3)3P. Although both preparations of

3NCH3)2PCJ_ gave the product in neearly quantitative yield, the

reaction of PCl3 with P(NCH3NCH3)3P was more convenient and thus was

used to prepare most of the C1P(NCH NCH3)2PCI used in this work,

3

ClP(NCH3NCH3)2PCl is & white solid, m.p. 72-6° (in a sealed

tube). The compound prepared in this study had an lH nmr spectrum

that was identical to that of the C1P(NCH NCH3)2PC1 reported by Noth

3

et a1.18 In addition, the mass spectral data showed the parent ion

at m/e 248 with ratios for the isotope peaks indicating two chlorine



atoms per molecule. This compound probably has a cyclic structure

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

chemical reactivity discussed above and the spectroscopic date reported

in the next section.

The third member of this series, ClzPNCH3NCH3PClz, could also

be prepared by the reaction of dry 1,2-dimethylhydrazine, CH3NHCH3NH,

with PCl,. ClePNCH NCH_PC1l, could be isolated in rather low yield,

3 37732
ca. 25%, according to the following equation:

2 CH_NHCH

3 3NH + 2 PC13————* ClePNCH NCH_PCl, + CH_NHCH_NH.2HC1.

3773772 3 3

The phosphorus-chlorine bonds in the PCl3 - CH3NHCH3NH 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:

PCl3
NCH3)3P ———=— C1P(NCH

P(NCH3

3NCH3)2P01

PC1 P(NCH

3 3NCH3)3P

PC1
3
CH3NHCH3NH — ClzPNCH3NCH3P012

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

observed. Examples are the PCl3 - HNCH3OCH3, PCl3 - HNCH3N(CH3)2,

PCl. - HQNN(CH3)2, and PCl, - HN(CH3)2 systems.3’5’7’27 For instance,

3
in the PC1

3

3 H2NN(CH3)2 system, the following reactions take pla.ce.’5



9 Me2N'NH + 3 PCl, —— (MeQNN)3P301 + 6 Me NNH,, +HC1

2 3 3 2

6 Me NNH, + 3 PCl, ———> (MezNN) P.C1l_ + L MezNNHz-HCl

3 2°3775

Me NNHQ-HCI + 2 PC1, —> Mc-:-21\m(1>012)2 + 3 HCl.

2 3

In the other systems, the following reactions occur,

6 R,NH + PCl, —— P(NR..)

3 o)3 + 2 (R2NH2)Cl

L R,NH + PCl, ——> (RQN)ePCl + 2 (RQNHQ)CI

3

2 R,NH + PC1, —— R,NPCl1

2 3 SNPCL, + (RyNH,)C1

(R2N)3P + PCl3 —— R,NPCL, + (R2N)2PCl



B. SPECTRAL STUDIES

Although the formation of P(NCH NCH ) P and C1P(NCH_NCH.).PCl

3 3)2
was reported previously,l8 spectroscopic investigation was quite
limited, and, of course, nothing previously was known about the new
compound ClePNCH3NCH3P012. Thus their lH nnr 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 NCH ) P using a sample sublimed into
the source at 80°, taken at an ionization energy of 20 ev, is shown
in Fig. 1. A spectrum taken at TO ev with the sample being heated
to 30° was very much like the spectrum shown. In both spectra the
largest peak occurs at m/e 60, the PNCH *

3
m/e 236, was present in 18% abundance at 70 ev, at 29% at 20 ev, but

ion. The parent peak, at

only 0.7% at 70 ev if the sample was heated to 180°. 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 end P-N bonds., Very little C-N or H-C bond cleavage

occurs. In comparison, the derivatives of PCl, and HQNN(CH3)2 undergo

3

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

cleavage was noted for derivatives of PCl3 and HNCH3N(CH3)2 >



TABLE 1. MASS SPECTRAL DATA OF P(NCH NCH3)3P

3

m/e Percent Abundance Assignment
+
58 1 02H6N2
59 3 CH2NP+
60 100 CH3NP+
+
118 2 C3H9N3P
+
119 2 02H5N2P2
+
120 TL 02H6N2P2
+
236 19 CeM18%6 2
Metastable Process Transition
+ +
+
P(NCH3NCH3)3P 3 PNCH3NCH3P 2 NCH3NCH3 61
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+
P(NCH3NCH3)3P
(236)
-P%FHB
~2NCHNCH,, -P(NCH3NCH3)2P CH NCE,
74
NcH_NeH. Y
+ 33 +
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(120) NCH_NCH,
(118)
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~
+ +
PNCH_NCH,P PNCH, 5
(119) (60) > PNCH2+
(59)

FIG, 2. FRAGMENTATION PATTERN OF P(NCH3

NCH3 ) 3P
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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 NCH3)3P. The highest m/e peak in the

3
spectrum is at 236, the parent ion.

The lH nmr spectrum of P(NCH3NCH P taken at single and double

3)3
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 6-2.75 ppm as a distorted
triplet with 14,9 Hz separation between the outer peaks. When the 31P
nuclei are irradiated at 2382 Hz, the signal collapses into a singlet.
While Payne, Noth, and Henniger did report the single resonance
lH 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
31P nuclei are responsible for the splitting. The line shapes are
reminiscent of those observed in the X portion of an ABXn spectrum in

25,28, 30

which there is AB coupling. In such a case the X nuclei are

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

Ipp > |JAX -J

triplet in which the separation of the outer peaks is JAX + JBX' If JAB

BXI to act as two equivalent spins, giving a 1:2:1

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

ax ~ Imx
cated, with the center line in the triplet losing peak height

producing a spectrum like that seen for P(NCHBNCH3)3P.25 This



1L

phenomenon is called virtual coupling and is seen in a variety of phos-

phorus compounds as well as in a number of organic systems.l7’18’6l’62

The spectrum is fully consistent with the proposed structure of

P(NCH,NCH,) P end implies that IJPP,| is significantly larger than

3)3
N 9ener = TenncH

program LAOCOON 1 with JPP' = L Hz, J

. A calculated spectrum using a Fortran computer

= 9 Hz, and J = 6 Hz

PNCH PNNCH

is shown in Fig. h.3l It is a good approximation of the observed

spectrum.
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The mass spectrum of ClP(NCH3NCH PCl taken at an ionization

3)2
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 sbove showed ﬁo
molecular ion pesks. This is not surprising because the compound has
been observed to decompose at T6° in a sealed tube. At low temperature

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

stable peaks at 146-T correspond to the process

~NCH_NCH
+ 3773 +,
3NCH3)2PCJ_ > CJ.PNCH3NCH3P01

C1P(NCH

+
The CLPNCH_NCH_PCl is the next most abundant ion, T0%, in the spectrum.

3 3
R . +
The peak at m/e 206 is attributed to C3H10012N2P2 or
+ . s . s -
02H8012N3P2 arising by some loss of CH2N2 or C2HSN° 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

(248)F —— (206)" + (42).

Rearrangements have often been detected in the mass spectra of a

variety of compounds, including a number of phosphorus-containing
. 27,208
species,

The single and double resonsance lH nmr spectra of C1P(NCH NCH3)2PCI

3

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

doublet at 6-2.98 ppm with IoncH = 16.9 Hz, The assignment of the
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splitting to coupling of the methyl protons to a 3lP nucleus was con-
firmed by irradistion of the 31P nuclei. In this double resonance
experiment the doublet collepsed into a singlet.

This spectrum is consistent with the proposed ring structure

of C1P(NCH NCH3)2PC1. As expected a2ll protons are magnetically equiva-

3
lent, and are coupled to the 31P nucleus with a coupling constant well

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

%,29,30,31 It is interesting that in this compound

31

other compounds.
virtual coupling of the two ~ P nuclei does not occur and a simple

first order spectrum is obtained.



TABLE 2, MASS SPECTRAL DATA OF ClP(NCH3NCH3)2PCl
m/e Percent Abundance Assignment
+
43 32 CH3N2
+
58 29 C2H6N2
59 3 CH2NP+
60 42 CH3NP+
+
89 3 . 02H6N2P
95 9 cn3cxm>+ or
CH3CINP+
117 6 C_HN.P
37873
+
124 19 02H6C1N2P
+
155 34 C2H6C1N2P2
+
171 9 C3H10C1N2P2
+
190 71 C2H6012N2P2
+
206 19 C3H10012N2P2
+
213 8 ChH12C1NhP2
+
248 100 chH12012NhP2
Metastable Processes Transitions
+ , +
ClP(NCH3NCH3)2PCI - ClP(NCH3NCH3)2P + Cl 18L4,5
+ +
ClP(NCH3NCH3)2PCl — C3H10C12N2P2 + CH2N2 171.1
+ +
PCl + .
ClP(NCH3NCH3)2PCI - ClPNCH3NCH3 1 NCH3NCH3 146.5
C1PNCH.NCH. PC1T ~+ PNCH_NCH.PC1® + C1 127

373 3773
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NCH_NCH
/ 3 ™ +
C1P PC1
NCHBNCHB/
(248)
* *
-Cl ~CH,N,,
+ * +
ClP(NCH3NCH3) 2P RO C3H10C12N2P2
(213) 33 (206)
l |
C1PNCH_NCH_Pc1' C_H. CIN.P.T
3773 371072 2
(190) (171)
—NCH3NCH3
*
-Cl —CHhNCHBPCl
A 4
+ + i +
ClPNCHBNCH3P PNCH3 _— PNCH,
(155) (60) (59)
-NCH
-P 3
A\ 4 N -Cl .
CJ_PNCH3NCH3 —_—) NCH3NCH3P
(12L4) (89)
-PC1 -P
NCH3NCH3
(58) ~CHy
+
NNCH3
(L3)

FIG. 6. FRAGMENTATION PATTERN OF C1P(NCH NCH3)2PCl

3
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The mass spectrum of the new compound, ClzPNCH3NCH3P012, taken
at 16 ev ionization energy, is shown in Fig. 8. It is extremely valuable
in characterizing the structure of the molecule., The presence 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 g 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 1H nmr spectrs of ClzPNCHBNCH3PC12
taken at 30° are shown in Fig. 10. The single resonance spectrum is a
triplet at 6-3.18 ppm with 7.0 Hz separating the outermost peaks. Upon
irradiation of the 31P nuclei, only a single sharp pesk appears in the
spectrum, confirming that the multiplet arises from interaction with
the 31P nuclei and that the methyl protons are eguivalent at this
temperature., This is as expected from the pronosed structure.

The line shape of the triplet (L4:5:4) is not consistent with
interaction of the protons with two equivalent 31P nuclei which would
3)3P, the distorted
triplet is probably the result of virtual coupling of the two 31P

produce a 1:2:1 triplet. Instead, as in P(NCH3NCH

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

using a Fortran computer program LAOCOON 1 with Jpp, JpencH =
31

The value of JPP' = 3 Hz is similar to

= 3 Hz,

4 Hz, and J = 3 Hz,

PNNCH
10

JPP' = L Hz in FQPOPFE. The separation of the outermost peaks in



2k

the observed spectrum is 7.0 Hz, which equals JPNCH + JPNNCH' The

calculated spectrum is nearly identical to the observed spectrum.
Spectra cobtained at single resonance show temperature

dependence, but no energy barriers could be determined from them

because the lines overlapped.



TABLE 3., MASS SPECTRAL DATA OF ClePNCH NCH,PC1

37773

2

25

m/e Percent Abundance Assignment
+
43 trace CH3N2
+
58 3 C2H6N2
60 1 CH3NP+
101 3 c121=+
+
124 5 C2H6C1N2P
+
159 100 02H6012N2P
+
190 1 02H6012N2P2
+
225 8 C2H6C13N2P2
+
260 1 02H6Cth2P2
Metasteble Processes Transitions
+
4
012PNCH3NCH3P012 -+ C12PNCH3NCH3P 2 c1 1,5
+ +
C12PNCH3NCH3P012 -> Cl2PNCH3NCH3 + PCl2 98.5
CH3NP+ + NP+ CHy 33.8
+ +
NCH_NCH > NNCH + CH 31.8

373

3 3
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C1,,PNCH,NCH_ PC1 +

3 3 2
(260)
* *
-2 C1 ~PC1,
-c1
¥
+ -PC1l +
S Y
C1,,PNCH NCE,PC1 NCH,NCHPCL,
-C1 (225) (159)
C1.PNCH. NCH Pt
P S ~PC1,,
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~NCH,NCH_PC1 ~NCH JNCH N
- 7
v
~NCH_NCH P R
> pc1t 373
° -V (58)
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‘L C1PNCH,NCH,
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{ y
\60) -CH3
+
CH.NN
¥ npt 3
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FIG. 9. FRAGMENTATION PATTERN OF ClzPNCH3NCH3PC12
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IV. THE FLUOROPHOSPHINO DERIVATIVES OF 1,2-DIMETHYLHYDRAZINE

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

19

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

more sensitive to changes in the magnetic environment than is 1H nmr

spectroscopy.3h’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, XnP(NMe2)3_n, the basicity
of the phosphorus is greater when X = F, while for the nitrogen, maxi-

Cl.h’8’9

mum donor ability occurs when X =

A, DESCRIPTIVE CHEMISTRY

Since the behavior of other hydrazinophosphines often closely
parallels the properties of similar am:i.nophosph:i.nes,l-3 it seemed
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-

n36

ate aminochlorophosphine.” Similar preparations have been used for

the synthesis of hydrazino- and hydroxylaminof'luorophosphines.l-3

Likewise fluorination of ClePNCH3NCH3PCl2 with antimony trifluoride,

SbF3, at 27° in vacuo proceeded readily and afforded a colorless

liquid, F2PNCH3NCH3PF2, in 57% yield. Another general reagent used



1

for the fluorination of aminochlorophosphines is sodium fluoride in
tetramethylenesulfone;36 however, when sodium fluoride in tetramethylene-
sulfone was mixed with C12PNCH3NCH3PCI2 in vacuo, no F2PNCH3NCH3PF2
was isolated.

F2PNCH3NCH3PF2 is moderately unstable and within an hour at

room temperature begins to decompose into phosphorus trifluoride, PF3,
and an unidentified white solid which slowly turns yellow-green upon
prolonged standing at room temperature in vacuo., This decomposition,

is quite slow at -78°, and solutions of the compound in ethanol-free
chloroform, trichlorofluoromethane, or hydrocarbons are stable when
stored in vacuo at -10° for up to six months. F2PNCH3NCH3PF2 has a
sweet odor characteristic of compounds containing phosphorus and
fluorine, such as phosphorus trifluoride and dimethylaminodifluoros-
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 Pmm vs 103/T is

shown in Fig., 12, The molecular weight.wés 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

formetion, and the spectroscopic data which follow, the formulation of

the molecule is proposed to be



TABLE L,

VAPOR PRESSURE DATE OF F2PNCH

NCH_PF

32

3732
T, °C 103/7, °x~t P n P
-k5 4,39 3.0 1.099
-23 4.00 6.0 1,792
0 3.66 1k.0 2.639
23 3.38 22.5 3.11k
27 3.33 27.0 3.296
In P = -2075.1/T + 10.1737
Hvap = 4,123 kecal/mole
In 760 = -2075.1/T + 10.1737
T = 586°K = 313°C = boiling point by
extrapolation
VAPOR DENSITY MEASUREMENT
P=25m
T = 298°K
n=0.07TTs g
V = 294,39 ml
M = 196 g/mole
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FIG., 12, VAPOR PRESSURE CURVE OF F2PNCH3NCH3PF 5
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trans cis

R= CHy

Structurally F2PNCH3NCH3PF2 is probably similar to the chlorophosphine,

ClzPNCH3NCH3P012, although definite structural determinations have not

been performed.

Fluoringtion of C1P(NCH NCH3)2PCl was much more difficult than

3

the corresponding reaction of C1.PNCH_NCH_PCl,, and many unsuccessful

2 3773 e

3NCH3)2PF were made. Fluorinations of

PCl in a glass tube using a mixture of antimony trifluor-

attempts to synthesize FP(NCH
C1P(NCH,NCH, ),,
ide and silver fluoride in acetonitrile, antimony trifluoride in
chloroform, sodium fluoride, sodium fluoride in tetramethylenesulfone,
antimony trifluoride, and antimony trifluoride in tetramethylenesulfone
were unsuccessful, The only reproducible method found to prepare
FP(NCH

NCH3)2PF was the direct reaction of solid C1P(NCH NCH3)2P01

3 3
with solid antimony trifluoride at 50-T70° with the product

FP(NCH NCH3)2PF, being sublimed away from the reaction mixture immedi-

3
ately upon its formation. A conventional sublimation apparatus was
used in this preparation and the cold finger was maintained at -23°,
with the product being collected over a 6 hr period. The temperature
of the cold finger is important for if the finger was kept at -78°,
F2PNCH3NCH3PF2, which forms as a byproduct, also collected on the

finger., Further, if the reaction mixture was heated above T0°, a

mixture of antimony trihalides collected on the cold finger.
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FP(NCH3NCH3)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
camplete 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

C1P(NCH NCHB) 5PC1,

3

R R

\N——N
/

Fp PF R=CHy

N—N
R

The elemental analysis 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 lH

and 19

F 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 F PNCH3NCH3PF nor FP(NCH NCH ) PF has been synthesized

before. Thus a spectroscopic study is essential in characterizing

19

them, The mass and lH and ~“F 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(NCH NCH3)2PF taken at 18 ev and 28° is

3
shown in Fig. 13. The fragmentation pattern is shown in Fig. 1k, and

is quite similar to that of C1P(NCH NCH3)2PCl. The presence of the

3
molecular ion at m/e 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 pesk in the spectrum occurs at m/e 216 and

corresponds to the parent ion, FP(NCH NCH3)2PF+. The F,.P,NCH NCH3CHh+

3 2°2 773

ion at m/e 1Tk is present in 12% sbundance. It is a rearranged frag-
ment and corresponds to m/e (P - h2)+. Peaks of large intensity at
m/e (P - 42)" are present in the low energy mass spectra of both

ClP(NCH3NCH ),PC1 and F PNCH3NCH3PF2 In a spectrum of

FP(NCH3NCH3)2

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

PF taken at 70 ev, this (P - L2)¥ ion is only 2%

the fragmentation pattern and in Table 5.

19

The ~°F nmr spectrum of FP(NCH NCH ) PF taken at 25°, shown in

Fig. 15, is a doublet of doublets of septets at §+26.3 ppm. These
19

splittings are eesily explained. Coupling of the ~“F nucleus to the

adjacent 31P nucleus in the molecule produces a doublet with

= 1023 Hz. Coupling of a l9F nucleus to the nonadjacent 3lP

JPF



TABLE 5. MASS SPECTRAL DATA OF FP(NCH3NCH3) 2PF
m/e Percent Abundance Assignment
+
43 I CH3N2
45 7 i
+
58 11 02H6N2
59 6 CHQNP+
60 82 cn3m>+
+
108 3 C HgFN P
+
120 3 C2H6N2P2
o+
158 3 02H6F2N2P2
+
17k 12 C3H10F2N2P2
+
187 1 C3H9F2N3P2
+
216 100 ChH12F2NhP2
Metastable Processes Transitions
+ +
FP(NCH NCH3)2PF -+ FPNCH3N0H3PF + NCH3NCH3 115.5
C.H, F.N.P T + C_H FN.P® + CH,PF 94.5
3’10022 2 276 2 I y
+ +
+ +
FP(NCH NCH3)2PF > PNCH3NCH3P 2 F NCH3NCH3 67.1
Nou_neu_* + wNcH. ¥ + cH 31.9

!

3 3

37
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nucleus produces the second doublet with JP = 19 Hz. Finally the

NNPF
six equivalent 1H nuclei couple with one 19F nucleus resulting in the
septet where JHCNPF = 3,5 Hz, This value for JHCNPF is identical to

that obtained from the 1H mr spectrum of this compound, which will be
discussed next.
The chemical shift is in the right range for a compound having

the FPg group. The chemical shift of FP[N(CH3)2]2 is +22.3 ppm and Jpp

= 1045 Hz, and that of FP[NCH,N(CH,)
3,8

is +23.8 ppm and Ipp =

The septet structure in this spectrum confirms the existence

2]2
971 Hz,

of the Fnggg group. The fact that long range PNNPF coupling is
detected, and that it produces & doublet in this spectrum, confirms
the assignment of two phosphorus atoms per molecule. The information

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

postulated structure of FP(NCH NCH3)2PF.

3

The 1H single and double resonance nmr spectra, taken at 30°, of

FP(NCH3NCH3)2

is a doublet of doublets at 6-2.85 ppm with IoncH

PF, are shown in Fig. 16, The single resonance spectrum
= 15,0 Hz and

JFPNCH = 3,5 Hz, The twelve equivalent methyl protons are split into

a doublet by coupling with one 31P nucleus and into another doublet by

19

coupling with one "“F nucleus. No PNNCH or FPNNCH coupling was

detected, These values are well within the range reported for similar
e - 2-h
coupling in other compounds containing the FPNCH3_ group.
These assigmments were confirmed by double resonance experi-

ments. Irradiation of the 31 nuclei at 1468 and 2348 Hz causes partial

decoupling. This indicates that the 31P nmr spectrum consists of two
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signals separated by about 1000 Hz. (Incomplete 1H-31P decoupling

was attained because it was not possible to irradiate the two resonance
frequencies of the 31P nuclei simultaneously with the equipment used.)
Two conclusions can be drawn from these observations. First, and more
obvious, coupling does occur between the methyl protons and a 31P
nucleus. Second, since the 31P nmr spectrum evidently consists of a
doublet whose separation is equal (within experimental uncertainties)

19

to the J,; obtained from the ~°F nmr spectrum (see Fig. 15), each

F
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 HCNPF coupling was only consistent with one
fluorine on the phosphorus. The proton spectrum further indicates that
all protons are megnetically equivalent. The line shape changes upon
irradiation at the two resonances of 31P are consistent with other com-
29,30,35

pounds where JPF and JHF have opposite signs.
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double resonance
irradiating, at 1468 Hz

double resonarnce
irradiating at 2348 Hz

A /\ A
MV

§-2.85 ppm = 15,0 Hz = 3,5 Hz

A

PNCH FPNCH

FIG. 16. THE “H NMR SPECTRUM OF FP(NCH,NCH ) ,PF
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The mass spectra of gaseous F PNCH3N0H3 s, 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. 1TA-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 F PNCH3N0H3 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%
sbundance at 20 and 16 ev. In both low ionization spectra the most
sbundant pesk is at m/e 15L which is (P - 42)7. This ion is less than
5% abundant in the TO ev spectrum, Rearrangement is taking place

resulting in the formation of FhP CHh or FhP NH . A metastable

transition corresponding to the process

(196)" ——— (158)" +(42)

is seen in the spectrum at m/e 173.7.
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TABLE 6, MASS SPECTRAL DATA OF F2PNCH3NCH3PF2

n/e Percent Abundance Assignment

16 ev 20 ev T0 ev

43 1 - 10 CH3N2+

50 ' 6 19 FP'

58 1 - 2 02H6N2+

69 1k 20 100 F2P+

83 32 o), 11 NF2P+

85 21 16 15 CHhF2P+

9l 16 - - CzHéFNP+

96 7 9 1 C i N,

10k - 29 3 CHhF3P+

106 - 10 1 CEHhFN2P+

113 8 l - CoH F NP

127 6 8l 5 02H6F2N2P+

154 100 100 5 CHhFth"'

177 1 - - 02H6F3N2P2+

196 18 20 1 02H6FhN2P2+
Metastable Processes Transitions

F2PNCH3NCH3PF2+ > Fthcnh* + CH,N, 173.7

F2PN0H3N0H3PF2+ > FQPNCH3NCH3+ + FP 167.8

+ +
FhPZCHh > CHhF3P + PF 126.6
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FIG. 18. FRAGMENTATION PATTERN OF F‘,BPNCI'I?)NCH3PF2
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Variable temperature ~“F nmr spectres taken between -1L4L° and

128° and the double resonance spectrum of F2PNCH3NCH3PF2 taken at -40°
are shown in Fig. 19-27. The most obvious feature of these spectra
are their temperature dependence. At 128° only one doublet at §-12.3
ppmn and JPF = 1217 Hz is seen. At this temperature all four fluorines
are magnetically equivalent and their resonance signal is split into a
doublet by coupling with the 31P nucleus to which they are bonded.
Although fine structure probably due to FPNCH coupling can be seen but
not well resolved in the 128° spectrum, no PNNPF coupling occurs. As
the temperature is lowered, this doublet begins to broaden, dissppears,
and at -40° two clearly defined new doublets have developed at §-16.3
and -7.8 ppm with Jpp = 1209 and 1231 Hz respectively. This behavior
indicates that the magnetic equivalence of the fluorine nuclei at 128°
is due to an exchange phenomenon which has been slowed sufficiently

at -40° to permit magnetic nonequivalence to be observed. The exchange
is probably intramolecular since altering the concentration of
F2PN0H3NCH3PF2 does not effect any change in the spectrum.

For convenience the peaks in the -40° 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
resonences by an adjacent 31P 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 b 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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31 the fre-

19

spectrum and using a Fortran computer program LAOCOON 1,

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

pr = Iprpr =

1210 Hz, JPNNP = 3 Hz, and JFPNNP' = JF'P'NNP = 15 Hz. The calculated

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

nmnr spectrum could be duplicated using the values of J

2 rpimer = O @04 Jppp = 4 Hz.

Integration at -40° at single resonance showed that the ratio of

terms of an A2XX'A' spectrum where J
peaks 1:2 was nearly 1:1. Partial irradiation of the S'P nuclei at
three different frequencies separated by ca. 1200 Hz caused peaks 1,
2, 3 and b4 each to collapse into a singlet. Spin tickling, or

31P low field resonance frequency

irradiation using low power, at the
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.

|| I,HHJ

single resonance

Al
Y -3
irradiation at low field irradiation at high field

3 3
lP resonance 1P resonance
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Spin tickling at the middle resonance frequency of 31P ceused 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 31P resulted in an intermediate l9F-31P
decoupling pattern. A similar spectrum which is described in detail
36

by A. Abragam was obtained for N32P03F.

was not attained because insufficient power was available and because

Complete l9F-3]'P decoupling

the 31P nuclei resonate at three different frequencies separated by
about 1200 Hz,

The quartet caused by HCNPF coupling collapses when the l9F-3lP
nuclei are decoupled 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 31P resonant frequencies and not at the lH resonant frequency.

Double resonance at low power, or spin tickling, has thus
demonstrated that the approximate 20 Hz splitting is in fact due to
31519 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 irradiastion at the middle 31P
frequency caused partial decoupling. Because of the great separation
between the various 31P resonances sufficient power could not be used
to obtain complete decoupling. The resultant spectirum does resemblie

other partially decoupled 19 spectra (NaePO F, for example),38 and

3
demonstrates that the 1200 Hz splitting indeed does arise from 31P-19F
coupling. These experiments thus confirm the assignments made above,

In addition, the fact that irradiation of the 31P 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 31P 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 31P chemical shifts.

At -100°the low field doublet broadens and by -116° it has dis-
appeared, reappearing at -1L44° as four doublets at 6-21.86, -17.23,
-17.08, and -12.19 ppm with J?F = 1210, 1185, 1185, and 1250 Hz
respectively. At -116° the high field doublet also has begun to
broaden and at -1bL4° two distinct doublets at 6-9.43 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 (&) phosphorus-
nitrogen bond rotation.

Inversion at phosphorus is not likely because it is a relatively

39,40

high energy process, with activation energies of 25-30 kcal/mole,
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No hindered phosphorus-nitrogen bond rotation in FQPNRR'-type compounds
has been detected above -80°, although at temperatures lower than -80°
the P-N rotation in F2PNCH3OCH3 appears to be hindered.3 Diastereo R
groups arising from hindered P-N rotation in R2NPX2 are observed below
-l20°.6’h1_h3 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 kcal/mole 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.hh—hg Microwave studies indicate the N-N rotational energy
barrier in hydrazine itself is 3.15 kcal/mole, but substituents on the
k-1

nitrogen atoms increase this energy. For instance, the activation

energies are 10.7 and 11.2 kcal/mole for C6HsCH2N(02H5)N(Ceﬁs)CHecsHs

b, ko Cowley places

and (CHS)ZCHN-(CHchHS)N(CHZCGH%CH(CH3)2 respectively.
an upper limit of 6 kcal/mole on the nitrogen inversional barrier in
2,2-dimethyl-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, Cl1, or C6H5 and
Y="F, C1, or C6H5’ but X # ¥ # F because nitrogen inversion in these
compounds is too rapid on the nmr time scale from -150° to h0°.6 These

same asrguments against nitrogen inversion in R_NPXY are valid for

2

F2PNCH3NCH3PF2. Therefore the only intramolecular process remaining

that is consistent with the observed behavior is hindered rotation sgbout
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50-53
QPNCH3NCH3PF2.

In order to interpret the exchange process in detail the

the nitrogen-nitrogen bond in F

structure of F2PNCH3NCH3PF2 must be considered. Although no detailed
structural data are available, some inferences may be made from similar
compounds. The structure of FEPN(CH3)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 Ir F2PNCH NCH_PF,_ is considered to be

3732

derived from FQPN(CH3)2 by substitution of a second F2PNCH3_ group
for a CH3_ moiety, both nitrogens might be expected to be planar
and the structures

AN N
AN

R/N--—N\R R/

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 -L0°. 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
trens-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
thet 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

Sk

CF_CI1CFCl. result in downfield fluorine chemical shifts. As shown

2 2
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 sbout the P-N bond is seen in

other compounds.3’6 Similerly, slow P-N bond rotation might also occur
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in the isomers of F2PN0H3NCH3PF . 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.

The four doublets at §-21.86, -17.23, -17.08, and -12,19 ppm appear

to arise from the low field doublet (peaks 1 and 3 in the -40O° spectrum),
and can be interpreted in terms of these three different rotamers. The
doublet at 6-21.86 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 §-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 §-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 IT 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

55

Appendix B. 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 6-9.43 and -8.31 ppm. This is ascribed to hindered rota-

tion sbout the P-N bond in the trans-isomer of F,PNCH_NCH_PF This

2 3732
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 rotamers are

P"‘ R F
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The chemical shift difference in these two rotamers is much less than

that of the three rotamers of cis-FzPNCHSNCHSPFz.

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

This is not surprising

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 amin0ph05phines.6 These are steric effects,
lone pair-lone pair repulsions, and N-P pm > dr 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 F_ PNCH_NCH_PF

2 373 e
F,PNCH_NCH_PF, truly is a remarkable compound in that it contains

2 37372
three different energy barriers that can each be determined using
19

variable temperature F nmr spectroscopy. These energy barriers are
not at all apparent from the variable temperature single resonance lH
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 & process may be slow

19

on the "“F nmr time scale at a given temperature, the same process is

. .. . 1 .
still fast at that temperature on the "H mmr time scale.
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The lH nmr spectrum of FQPNCH3NCH3PF2 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 6-2.87 ppm in the observed single resonance

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

31

wholly or partially overlapping with others. Irradiation of the ~ P

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-
sulted in an unsymmetricel 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

31

that the P nmr signal consists of three lines separated by about

31

1150 Hz with the center line being the chemical shift of the “"P. The

partial decoupling indicates that the methyl protons are coupled to the

31 19 31

P nuclei as well as to the F nuclei. Since the P nuclei could

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

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

same as the JPF observed in the 19

the presence of two fluorines bonded to each phosphorus.

F nmr spectrum and strongly implies

The spectrum is not simple but can be duplicated using the

31 _ -
end the values JPNNP = 3 Hz, JFPNCH = 3 Hz

= L4 Hz, and J = 3 Hz. The

computer program LAOCOON 1

(from the observed spectrum), J

PNCH PNNCH

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 varisble temperature 19

F nmr spectra, Fig. 15—
29, show that below 60° the fluorines are nonequivalent, nonequivalency
of the methyl protons at low temperature also might be expected.
Indeed, between -90° and -110° the 1y 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 irradistion at the three resonances
of the 3lP nuclei are consistent with other compounds where JPF and

29,30,35

JHF have the opposite sign.
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V. COORDINATION CHEMISTRY OF XnP(NCH NCH3)3 nPXn

3

The chemistry of XnP[N(CH
5,8,54,56

3)2]3-n with typical Lewis acids has

been well studied. It has been found that coordination
generally takes place at phosphorus with most Lewis acids with the
exception of BF3, which coordinastes at nitrogen. 1In
XnP(NCH3NCH3)3_nPXn, where there are several potential donor sites,

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

X, P[N( CH3)2] 3on’

A, BORANO COMPLEXES

A series of borano complexes having the general formula
X P(NMe,.)., +*BH_ where X = C1 or F has been studied.B’h’ll’27’32’56_58
n 2°3-n 3
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

XnP(NMe2)3—n with diborane are tabulated below.

ut . .
1. 2 P(N‘L“e2)3 + BH¢ —_ 2 P(NMe2)3 BH,
2. ClP(NMe2)2 + Et20~BH3 —_— ClP(NMeg)Q'BHs + Et,0
o
3. Cl_PNMe_, + Et_.O-BH —:ég——+ unidentified product in Et_O
p) 2 2 3 2
-Et 0
2
explosion or orange polymer
27°
y, 2 FP(NMe2)2 + BoHg =5 0 FP(NMe2)2 BH3
27°
5. 2 F,PNMe, + B_H, —=— 2 F,PMe, BH3
6. 2 PF3 + B2H6 —_— 2 F3P-BH3
or PF3 + 1/2 B H, —_— F3P-BH3
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In these compounds the increasing basicity of the phosphorus toward

borene is ClzPNM92< PF3 < ClP(NMea) < F2PNMe2 < FP(NMe2)2

In this study the reactions of X P(NCH NCH ) PXn with diborane

< PN(Me2)3

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

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

3
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 X P(NMe ) However, the nitrogens

2'3-n°
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

N&th et al. reported the formation of bis(borano)-tris(1,2-

dimethylhydrazino)-diphosphine, P(NCH NCH ) P 2BH. by reaction of

3
diborane in tetrashydrofuran, THF, with P(NCH NCH3)3P.18 A complex

3
which contained two boranes was isolated in this study when

P(NCH NCH ) P 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 26k,
Relative intengities of the parent ion isotope pesks 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 already been cleaved by THF
forming THF:BH3.
The complex is a white so0lid which turned orange and decamposed
without melting upon heating to 300° in a sealed tube, N&th reported
that his complex melted ca. 250° with decomposition to a red liquid.18
The complex prepared in this study is almost certainly the same
compound as that reported by NBth.l8 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 lH nmr spectra

support the structure shown below.

R R

\ /
N—~N
R\/ \/R
N—N
H3BP// \\PBH3 R=CH

Nk

R R

3

The infrared absorption at 2425 cm_l is typical for B-H stretching in

phosphine boranes,g’56

and is not present in the spectrum of the free
ligand. The 1H 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 lH nmr spectrum

in which all methyl protons have the same chemical shift.
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Borane derivatives of the halophospnines also form.
ClP(NCH3NCH3)2PCl reacts very slowly with liquid diborane at -126°
and somewhat more rapidly with Et20-BH3 at -78° to give light yellow
bis(borano)-bis(1,2-dimethylhydrazino)-dichlorodisphosphine,

ClP(NCH3NCH3)2PCl°2BH3. (Interestingly the similar complex,
ClP[N(CH3)2]2-BH3, is also yellow)?’56 The complex is more stable

at room temperature than is the free ligand, but when heated to 102°
in a sealed tube, the solid complex darkened and by the time the tempera-
ture reached 130° it had melted into a dark liquid. The sample thus
treated did not resolidify upon cooling to 27°, thus exhibiting be-

havior similar to P(NCH NCH3)3P-2BH The solubility of

3 3

C1P(NCH NCH3)2PC1‘ZBH in chloroform and carbon tetrachloride is

3 3
lower than that of the free ligand.

The formuls for the complex is based on stoichiometry of the
reaction and on the mass spectrum of the complex. The mass spectrum

showed molecular ion peaks at m/e 2T4-80 which correspond to

C1P(NCH_NCH )2PCl'2BH

3 3 The proposed structure for the complex is

R R
\N__— N/

Cl. / N\ L

P P R= CH
d N 3
R \N N /" BH,

K K

3°

where coordination of both borano groups occurs at the phosphorus
atoms. This structure is supported by the lH nmr spectrum of the
complex, which shows that all the methyl protons are equivalent. As

in P(NCH NCH3)3P-2BH3, coordination of one or both borano groups to

3
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nitrogen would make the methyl protons nonequivalent. An absorption
in the infrared spectrum at 2450 cm-l corresponding to B-H stretching
that is absent in the spectrum of the free ligand also indicatesthe
presence of the borano grou,ps.5

The reaction of ClePNCH3NCH3P012 with B2H6 in diethylether,

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
weter,

The mass spectrum of the solid products showed that CH3NH0H3NH-2H01

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 C1l,PNCH_NCH PClQ'XBH could be obtained parallels

2 373 3
the results of other workers on similear compounds. For example, no

012PN(CH3)2.BH could be isolated after reaction of ClzPN(CH3)2 with

3
Et,0.BH, at low temperature. N&th reports that removal of solvent from

2 3
that reaction mixture caused the unidentified products to explode.56

Van Doorne slso tried to prepare ClQPN(CH -BH3 but obtained an orange

3)2
noncrystalline, nonvolatile solid which he could not :?.(B.en’cify.l‘l
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)-difluorodiphosphine,

FP(NCH NCH3)2PF-2BH3 can be prepared by reacticn of excess B,H, upon

3
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3)2PF at 27°. It is a white solid. The infrared spectrum
is similar to that of the free ligand but does contain a peak at

56

FP(NCH3NCH
2k2s cm.l which corresponds to B-H stretching. The lH nmr spectrum
taken at 30° shows that the -NCH3 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 19

F mmr spectrum
which is discussed later, is that expected for a complex having P--BH3
coordination. The stoichicmetry of the reaction and the infrared and

nmr spectra are in good agreement with

N

P. P
YN /' \

as being the structure of this complex.

H R = C|{3

The reaction of diborane with F2PNCH3NCH3PF2 is more complex.
When 1.7:1 mole ratios of F2PN0H3N0H3PF3 to BQH6 are mixed together at
27° bis(difluorophosphino)-1,2-dimethylhydrazine borane, F2PN0H3NCH3-
PF2-BH3, could be isolated in 55% yield. The complex was identified
by lH 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 boranc group is repidly eliminated 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 lH nmr spectrum, which is discussed more

fully elsewhere in this dissertation, shows two types of methyl protons



83

9

present in equal amounts, as well as borano protons. The - F nmr

spectrum is quite complex, but does show fluorines coupled to and
therefore near to a coordinated borano group as well as fluorines that

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

absorption at 2470 cmfl, due to B-H stretching in phosphine-boranes.56

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

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

- o

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

most probebly is

H
Fg3 R _ . F
N AR
N—N_ — /N N

PF, R R R= CH

When an excess of diborane is reacted with F2PNCH3NCH3PF2 at

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

533 PF

phosphorus atoms forms in 59% yield. The identity of the complex was
established by lH and 19F nmr spectroscopy and stoichiometry of the
reaction., Only one type of methyl proton is seen in the lH mmr 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)-complex. This complex,
bis(difluorophosphino)-1,2-dimethylhydrazine diborane, F2PNCH3NCH3PF2-2BH3,
is a colorless liquid at 27° (p ca. 3 mm) which is less volatile than the
monoborano complex. Once asgain the mass spectrum of the complex failed

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

nmr deta (presented in the next section)is



7RBHy HBPE
N—
v N\R

R=CH3

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

8k



85

2. SPECTRAL DATA

The mass spectrum of P(NCH NCH ) 3P+2BH, taken at 20 ev and 30°

3
is shown in Fig. 31. The fragmentation pattern is shown in Fig. 32.

The peaks are identified in Table 7. The pesk at m/e 264 is present
in 1% abundance and corresponds to the parent ion of the camplex,

+
P(NCH3NCH3) 3P- 2BH3 .

+
P(NCH3NCH3)3P-BH3 .

+
P(NCH NCH ) P', and m/e 120, corresponding to PNCHBNCH3P+. The pesk

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

A peak eight times as intense at m/e 250 is from

The two most intense peaks are at m/e 236,

the ligand to form CSH16NhP2+' Fragmentation of the N-N bond in

PNCH3NCH3P+ results in formation of the CH3NP+ jon at m/e 60 which is

present in 20% abundaence. Ions at m/e 58 and 43 correspond to

NCH3NCH3 and CH3N2 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 “H nmr spectrum of P(NCH JVCH,) jP+BH, taken at 25° at single

3

resonance is shown in Fig. 33. As in the spectrum of P(NCH3

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

NCH3)3P

(13.3 Hz separating the outer pesks). The chemical shift is 0,16 ppm

downfield from that of P(NCH NCH3)3P, reflecting a small decrease

3

in electron density around these protons upon coordination of the

phosphorus atoms to the soft Lewis acid BH A large downfield change

30
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



TABLE 7. MASS SPECTRAL DATA OF P(NCH

NCH3)3P-2BH

86

3

m/e Percent Abundance Assignment

43 1 CH3N2+

58 1 02H6N2+

60 20 CH3NP+

89 1 02H6N2P+
118 8 c3H9N3P+
119 b c3H10N3P+
120 100 CHN,P"
136 2 C2H8N3P2+

150 18 C3H10N3P2+

194 1 CSH16NhP2+

236 100 C6H18N6P2+

250 8 C6H18N6P2'BH3+
264 1 C6H18N6P2'2BH3+

Metastable Processes Transitions

C3H10N2P2+ > C3H10N3P+ +P 96.1
C6H18N6P2+ > CSH16NuP2+ + CHN, 95.3
C6H18N,PA+ > CHALP, + C)H 61.0

o}

<

12y
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+
P(NCH3NCH3)3P-2BH3
(264)
~BH,
P(NCH_NCH.)_P-BH."
3 3’3 3
(250) -BH,
+
P(NCH3NCH3)3P
(236) -PN303H9
~CH_N
272 +
| PN_C.H,
CSH16NhP2 (118)
(194)
2
PNCH3NCH3P+ (150) ( ]
+ -P(NCH_NCH.) P
(120) * C HgN-P, 377732
-P (136)
NCH.NCH.PN® H
3 37
(119) CH3

~PNCH,

~ -P
pycn.t +

CHy NCHNCH.,

(60) y? ~CH,

. (58) +
PNCH,NCH, NTEH?
(89) 3
FIG. 32. FRAGMENTATION PATTERN OF P(NCH3TCH3)3P-2BH3
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BH3:N(CH3)3 the chemical shift is -2.80 ppm.8 Thus, a large chemical
shift 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 31P nuclei and is not from nonequivalent protons in the
-CH3 portion of the spectrum,

The mass spectrum of bis(borano)-bis(1,2-dimethylhydrazino)-
dichlorodiphosphine, ClP(NCH3NCH3)2 3
shown in Fig. 34, The fragmentation pattern is shown in Fig. 35.

PC1*2BH,, taken at 70 ev at 95° is
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 m/e 276. A peak at m/e 262 present in 13% sbundance

corresponds to C1P(NCH

NCH3)2PCl'BH The peak at 248 present in 40%

+
3 [ ]
NCH3)2PCl+. There was no peak at m/e 206

3

abundance is due to ClP(NCH3

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 NP+ at m/e

3
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 "H nmr spectrum of C1P(NCH NCH,),PCL-2BH

3 3
shown in Fig. 37. It consists of a doublet at 8-3.07 ppm with J

taken at 30° is

PNCH
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= 10 Hz, Since no solvent could be found in which the compound was
more than merginally 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 wesk broad nmr signals they
often are difficult to detect and this is not the first compound in
which they cannot be seen. The fact that the spectrum comsists 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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TABLE 8. MASS SPECTRAL DATA OF CLP(NCH,NCH,),PC1-2BH,
m/e Percent Abundance ' Assignment
43 1 CH3N2+
I 2 02H5N+
45 T C2H6N+
57 4 02H5N2+
58 22 02H6N2+
59 6 CHENP+
60 100 CH3NP+
89 2 CHN P
95 10 CH3ClNP+
120 3 02H6N2P2+
124 2 C2H6CILN2P+
155 37 CHC1 N2P2+
190 46 CHCL NP "
213 19 ChH]_QClNhP;
248 40 ChHl2012NhP2+
262 13 chﬁlz0121\11‘?2}31{3+
276 1 ChHJ_eClzNhPE-QBH;
Metastable Processes Transitions
ChH12012NhP2+ > CH NPT + C1 184.5
C,H, 2012NhP2+ > CHCLN P + NCHNNCH, 146.7
ChH12ClNhP2+ - 02H601N2P2+ + NCH,NCE, 112.8
C2H6012N2P2+ > 02H6ClN2P2+ + 1 127
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_NCH_NCH

3 3> +
C1- ?\NCH3NCH3’P-01
H B Bl
(276)
~BH,
,NCH_NCH 'BH3 NCH_NCH
3 3N + \ V4 3 3~ +
5 B 3ot 303
37 (262) (2148)
»*
~NCH NCH,
¥
 NCH NCH, _ C1-P-NCH NCH ~P~c1"
P yon_wen.s F-CL
3773 (190)
*
(213) -c1
-PC1
*
~NCH,PC1 ~NCH,NCH,
v PNCH NCH3PCl RN NCH3NCH3PC1+
PNCH NCH
NCH (155) (12L4)
(120) \L-NCH PC1
~NCE NCH,) _pe1
~NCH, PNCH
(60) NCHBNCH3+
PNCH3NCH3 -NCH3
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—CH
1, 3
. +
NCH,
(43)

FIG. 35. FRAGMENTATION PATTERN OF ClP(NCH3NCH3) PCl'2BH3
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319

Th F nmr spectrum of bis(borano)-bis(difluorophosphino)-1,2-

dimethylhydrazine, FP(NCH.NCH.) PF.2BH., taken at 30° is shown in

3 3)2 3?
Fig. 37. The two equivalent fluorines appear as a doublet at &+4,53 ppm

with JPF = 1159 Hz., No other coupling could be detected, probably

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(NCH NCH3)2PF (6+26.3 ppm), a result similar to that observed for

3

FP[N(CH3) and its borane complex whose chemical shifts are +22.3

2]2
and +12.8 ppm respectively.8

The “H nmr spectrum of FP(NCH NCH, ) ,PF-2BH_, taken at 30° is

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

doublet of doublets at 6-3.0 ppm due to coupling with one 31P and one

19F with J = 8,0 Hz and J = 3.5 Hz. As in C1P(NCH NCH3)2PCl-2BH

PNCH FPNCH 3

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

3’

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.



- = 20 Hz

6 +4.53 ppm

Joe = 1159 Hz

PF

AL 1159 Hz A

FIG. 37. THE 19F NMR SPECTRUM OF FP(NCHNCH, ) PF2BH,
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FIG, 38. THE 1}{ NMR SPECTRUM OF FP(NCH3NCH3)2PF'28H3
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The ~°F nmr spectrum of F,.PNCH_NCH_PF_BH. taken at -62° and

2 3 32 3
30° is shown in Fig. 39-40., As in the case for the F nmr spectrum

of the free ligand, this spectrum is temperature dependent and, because
of its complexity, the assignments that are made may not be entirely

correct. Doublets appear at 6-15.6 ppm with Iop = 1165 Hz, -T.3 ppm

with J_. = 1245 Hz, -6.6 ppm with Ipp = 1243 Hz, -5.8 ppm with Jpp =

F F

967 Hz, and -1.9 ppm with JPF = 1277 Hz.

Since the low field doublet in the spectrum of F2PN0H3NCH3PF2

has been attributed to the cis-isomer, 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, = 25 Hz,

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

2P— resonances in cls-FQPNCH3NCH3PF2,

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

(-16.3 ppm) assigned to the F

complexed phosphorus. The other doublet at -5.8 ppm is split into a
poorly defined multiplet. Since the fluorines of the coordinated
F2P- group could couple with the boron, the borano protons, 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 -L4.3 ppm for F2P(NCH3 5

and F2PN(CH3)2-BH respectively.8

3
The doublets at -6.6 and-1.9 ppm are tentatively assigned to
the fluorines in the trans-complex. The doublet at -6.6 ppm is split

into another doublet due to PNNPF 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.

PNCH_NCH_PF,_+BH, taken at 30° is shown

2 3773273
in Fig. 41. It consists of two doublets of triplets at 6-3.11 ppm and

The lH nmr spectrum of F

-2.98 ppm and a broad 1l:1:1:1 quartet of doublets at 6-0,15 ppm. In

the doublet at -3.11 ppm Jppq, = 7.4 Hz and JFPNCH = 3,2 Hz, while in
the doublet at -2.98 ppm, Jonen = 5.8 Hz and Jepneg = 3+0 Hz. In the
quartet JBH = 87 Hz and JPBH = L 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 31P 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 FEPN(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 F2PNCH3NCH3PF2, is downfield, 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 1l:1:1:1 quartet of doublets at -0.15 ppm is assigned
to the borano protons. The coupling constants, JBH and JPBH’ are 87

and 4 Hz compared with -0.30 ppm and J... = 100 Hz and J gy = 17 Hz

BH PBH
8

which have been found for FQPN(CH3)2-BH3.
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FIG. Ll. lH NMR SPECTRUM OF F2PNCH3NCH3PF2'BH3 AT SINGLE RESONANCE
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The 19 NCH_PF_.2BH. taken at -50° is

377372 3
in Fig. 42. The spectrum is identical to one taken at 20°, It can be

F nmr spectrum of FZPNCH

interpreted as a doublet of doublets due to interaction of the
fluorines with the adjacent and the distant phosphorus atoms in the

molecule, The chemical shift is at -8.3 ppm, with JP = 1197 Hz and

F
JPNNPF = 20 Hz. Each member is again split into a 1:1:1:1 quartet by
a llB nucleus which further splits into 1:3:3:1 quartets through inter-

action with the three borano protons.

|

Ii |
| ]
T Jppr 204 Jpppp

PF!

[ [

L] | l‘ EII“ ll [! l“lJ

Line drawing of coupling in F, PNCH_NCH_PF,_.2BH

2 37732 3
ignoring PF and HCNPF coupling.

= 16.2 Haz, Jyoon

JHBPF = 15 Hz, These values campare favorably with those for

The coupling constants are JB = 3,2 Hz, and

PF

where 6-8.1 ppm, J B = 7 Hz.8

3 PF P
The chemical shift of the complex is upfield from that of the free

F2PN(CH3)2-BH = 1197 Hz, and J

ligand by 8.0 ppm which can be compared to the 8.1 ppm upfield shift
observed in FZPN(CH3)2 upon coordination of its phosphorus atom with a
borano group. The value of JBPF 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 3,5,8

BPF
while long range BXPF coupling virtually is never observed.

are 5-20 Hz
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The simplicity of this spectrum, when compared to those of
F2PNCH3NCH3PF2 and F2PNCH3NCH3PF2.BH3, is surprising. The temperature

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

mentioned previously, coordination of a F
19

P~ by a BH_, group shifts the

2 3
F nmr resonance upfield. Since the chemical shift of -8.3 ppm is
downfield from the -T.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 lH nmr spectrum of F2PNCH3NCH3PF2-2BH3 taken at 30° is
shown in Fig. 43. It conmsists of a doublet of triplets at §-3.12 ppm
for the six equivalent methyl protons which are coupled to one
phosphorus, JPNCH
broad quartet of doublets at 6-0,67 ppm with g

= 7.2 Hz, and two fluorines, J = 2.5 Hz, and a

FPNCH

= 104 Hz and JPB =

H H

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 §-0.67 ppm.
These values are similar to those for F2PN(CH3)2.BH3 where GCH3 and

GBH3 are -2,53 and -0.30 ppm and JBH and JPBH are 100 and 17 Hz, The

value of JPBH is also typical of PBH linkages and lends further credence

to the supposition that complexetion 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 (i.e., hard Lewis bases).8 Thus in XnP(NCH3NCH3)3_nPXn
vhere there are several potentigl 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

4,8,56

nitrogen, except when disproportionation occurs.

1. P(NMe2)3 + 3 BF —— 3 Me,NBF, + PF

3 3

2. P(NMe2)3 + 2 BF — Me.NPF. + 2 Me2NBF

3 2772 2

3. CJP(NMe2)2+BF —_— ClP(NMe2)2.BF

3 3
L, ClePNMe2 + BF3 —r ClzPNMez-BF3
5. FP(NMe,), + BFy;  ——— F,PMe, + Me,NPF,
6. F2PNMe2 + BF3 — FQPNMeQ-BF3
T, PF3 + BF3 ——* no reaction
8. NMe3 + BF3 — Me3N-BF3

It might be expected that XnP(NCH NCH3)3_nPXn might exhibit

3

similar behsavior.
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1, DESCRIPTIVE CHEMISTRY

The reaction of P(NCH3NCH 3P with BF. at 27° resulted in an

3) 3
unidentified yellow solid., When the reaction was run at -112° for 25

hr, 3.3 mmole BF. reacted with 1 mmole P(NCH3NCH P forming a light

3 3)3
yellow solid. No more BF3 reacted after this time. The product gave

off BF3 upon warming. Vapor density measurements and the infrared
spectrun 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 BF3. The mass spectrum of the yellow product had peaks as high as

500 and no peaks corresponded to P(NCH NCH3)3P-XBF

3 The composition

+
3 L)
of this solid product is uncertain,

When excess BF3 and ClP(NCH3NCH3)2

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

PCl are mixed together at 27°

tacky semi~-solid vwhich gave off BF_ slowly at room temperature. The

3

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

had an intense doublet at 6-2,96 ppm with Jencn

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

= 16,0 Hz, which is

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

19

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

indicates the presence of coordinated BF3 and the mass spectrum showed

+
a peak that corresponds to ClP(NCHBNCH3)2P01u2BF3 . The data thus far

available indicate that the product obtained is probably a mixture of

various ClP(NCH3NCH3)2PCl-BF3 complexes which have the BF_ coordinated

3

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

3
a large change in the chemical shift of the -NCH3 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 (CH 3N and (CH3)3NBF where the

3) 3

chemical shifts are -1.91 and -2.80 ppm respectively.

The reaction of BF_, with C1l_PNCH_NCH_PCl, yielded a yellow solid

3 2 I3 e
that was not well characterized. At -126° the ratio of BF3 to
C12PNCH3NCH3PCI2 in the complex was 1l:1. Upon warming to room tempera-

ture the complex partially dissociated. The lH nmmr 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 coordinateq

to phosphorus, perheps indicating that in this complex a stable N—BF3

bond has been formed, or that elimination of -PCl2 with subsequent N-BF2

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

19 19

free or coordinated BF3, nor any ~“F, was detected in the F nmr

spectrum,

No complex of FP(NCH NCH3)2PF and BF

3 formed when excess BF,
=4

3

was mixed with FP(NCH NCH3)2PF at 27° for 15 hr. In the case of FP(NMe2)3

3
and BF3, P-N bond cleavage occurs producing FzBNMe2 and FQPNMez. Thus
it is not surprising that no FP(NCH3NCH3)2PF-XBF3 was isolated.
Boron trifluoride reacted with FQPNCH3NCH3PF2 in a 1:1 mole

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

dimethylhydrazine-boron trifluoride, F.PNCH_NCH_PF,.°BF_.. It can be

2 3732773

distilled at room temperasture. A dissociation pressure vs temperature

plot is shown in Fig. L4l4. The mass spectrum of the complex showed only
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free F2PNCH NCH_PF This could mean that either no complex exists at

33 TeT

room temperature or that the BF. group is so labile at room temperature

3
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 repid, then the 1H nmr spectrum that was obtained could
be the time average signal of the nonequivalent methyl protons and un-

l9F nmr spectrum of the

complexed ligand. The temperature dependent
complex indicates that nitrogen-coordinated BF3 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

F . i
2PNCH3NCH3PF2 BF3 having the structures

R = C}{a

‘ol PF_+ _ .
cis FQPNCH3NCH3 F2 BF3 trans F2PNCH3NCH3PF2 BF3
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2. SPECTRAL DATA

The mass spectrum of the product obtained by reaction of BF3

upon C1P(NCH NCH3)2P01 taken at 20 ev at 20° is shown in Fig. 44, The

3
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

+
C1P(NCH NCH3)2PCl-2BF at m/e 384 was detected. Higher mass peaks were

3 3

not observed. The peaks above m/e 248 are present in less than 1%

abundance. A peak at m/e 316 corresponds to C1P(NCH NCH3)2PCI-BF A

+
3 3°

peak at m/e 365 is from C1P(NCH NCH3)2PC1B2F5+, while the peak at 349

3

is from ClP(NCH3NCH3)2PB2F6+. A pesk at m/e 330 is from C1P(NCH,-

+
NCH3)2PC1BF2 . The peak

NCH.).PB.H." and that at 297 is from C1P(NCH,

32" 7275
. +
at m/e 267 is from ChH12012FNhP2 .

The ion due to C1P(NCH NCH3)2P01+ at m/e 248 is present in UL5%

3

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

ligend. A very small pesk at m/e 68 is from BF There are two peaks

+
3 *
present in 100% ebundance in this spectrum. One is at m/e 60 and is

from CH3NP+. The other is at m/e 159 and is from ClQPNCH3N0H3+ which

must form through a rearrangement facilitated by the presence of BF3.
Although this ion is 100% sbundant in the mass spectrum of ClzPNCH3-

NCH3P012, the lH nmr spectrum of this complex shows that no ClQPNCH3-

NCH3P012 was present, and that the ion at m/e 159 must be generated
from the complex. The essignment 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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TABLE 9. MASS SPECTRAL DATA OF C1P(NCH NCH3)2PCl-XBF3
m/e Percent Abundance Assignment
43 20 cun.t
3 2+
45 2 C.HN
276 +
58 11 02H6N2
60 100 CHBNP+
68 trace BF3+
o+
89 1 C2H6N2P
95 5 CH_C1NP
3 +
118 3 C_.HN_P
3973
124 7 C H CIN P
155 18 C2H601N2P2
159 100 C2H6012N2P .
171 L C3H1001N2P2
+
190 27 02H6012N2P2
+
206 3 C3H10012N2P2
+
213 b C),H, ,C1N) P, "
248 45 chleclzNhP2
o+
267 1 C)H, ,C1FN,P, .
w
297 0.3 chngClzNh}?e}L2
316 0.1 chH12012NhP23F3
+
330 O.h4 ChleclNhPaBzFS
-+
349 1 CyH O\ PoBoFg
+
365 0.2 chH12012NhP2132F5
+
384 0.3 C\Hy 5C1 N P B F/
Metastable Process Transition
c1P(NCH3NCH3)2P01+ > CIZPNCH NCH_' + PNCH.NCH 89
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+
F ClP(NCH3NCH3)2PCl 2BF3

(384)

01P(NCH3NCH3)2P01-32F5

-BF - +
(365) 3 C1P(NCH_NCH.,) P+ 2BF,

BF 3
\ (349)

C1P(NCH_NCH.) PC1-BF."

-BF 373’2 3
3 / (316)
+
BF2-01P(NCH3NCH3)2PC1 ~BF,
(297) ] +
<BF, B2F5 ClP(NCH3NCH3)2P
+ (330)
-BF ClP(NCH3NCH3)3PCI
////:E//”///a (248)
01P(NCH3NCH3)2P01-F+ *
P(NCH SNCH PCl
(267) ~PNCH_NCH,, )

(213)
NCH_NCH,
C1,PNCH NCH
: ~PNCH,NCH,
C3H10012N2P2 159)

PINCH NCH PCl
(206) €1,p
2 . PNCH NCH
—C1 -
ner_nen.t v,//’//’/’/’ 12h
33 ~CH N
(58) Zc1pNcE,
+ —CH
CHy o CLP, 3 CH NP
(171)
cu.N.t (60) NCH JNCH P ~CH,NP
32 -CH
(43) 3 (so)
npt CH3NP01+
(45)

(95)

FIG. 45, FRAGMENTATION PATTERN OF ClP(NCHBNCH3)2PCl'XBF3
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The 3F nmr spectrum of ClP(NCH3NCH oPC1:XBF, taken at 25° is

3) 3
shown in Fig. 46. Two broad pesks at T0.l} and 73.6 ppm are assigned
to boron trifluoride coordinated to nitrogen atoms. The presence of

these peaks supports the argument that boron trifluoride does coordinate

to C1P(NCH NCH3)2P01, since the values of the chemical shifts are near

3

those expected for B-N coordination,

The 1H nmr spectrum of C1P(NCH NCH3)2PCI°XBF taken at 27° is

3 3
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 = 16.0 Hz, compared to -2.98 ppm and 16.5 Hz for

PNCH

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 F3B:NCH3- moiety should be
about 1 ppm downfield from the —NCH3 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 BF_, groups are

3
coordinated very loosely.

The lH rmr spectrum of the product obtained by the reaction of
BF, with CL,PNCH,NCH,PCl, taken at 25° is shown in Fig, 48. It con-
sists of at least 5 non-symmetrical peaks at 6-4.21 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 (C}13)3N~BF3 relative
to (CH3)3N is 0.9 ppm downfield. This change in chemicel 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 Cl2PNCH3NCH3PCJ.2 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

PNCH B
3 3 F2 NC 3NCH3PF2 F3.,
the chemical shift change is small or negligible,

phosphorus coordination. In C1P(NCH NCH3)2PCl-XBF

and F,PN(CH,),+BF.,

indicating that the N-BF_ bond is very labile. In this material, the

3

change in chemical shift is large and indicates a stronger, less

labile N-B bond, possibly arising from replacement of g -PCl2 group
by a —BF2 group.
The l9F nmr spectrum of FQPNCH NCH3PF2-BF taken at -T0° and 30°

3 3

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 FP_

with JPF = 1208 and 12LL4 Hz, and JPNNPF

in the cis- and trans-complexes are -16.3 and -7.9 ppm,

= 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-FzPNCH3NCH3PF2. However, there is another resonance

at +T4.0 ppm which is assigned to coordinated BF In FEPN(CH3)2

3‘

and FZPN(CHB)Z-BF the chemical shifts of F P- are -12.4 and -0.1 pmm

3’
and that of N-B_F_‘_3 is +71.9 ppm-8 Uncoordinated BF3 resonates at
+48. 4 ppm.o The negligible change in the EQP— resonances upon coordina-

tion of the BF, is somewhat surprising because the change of ca. 10 ppm

3
4,8

upfield is typical for EQPN upon coordination of BF,_, at nitrogen.

3

In this compound perhaps the NBF_ bond is very wesk and a BF. exchanges

3 3
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coordination sites on the same molecule very rapidly. The fact that a

typical NBEB l9F nmr resonance occurs while no resonance corresponding

to uncomplexed BF3 is in the spectrum supports the structure assigned
to the complex.

The 'H nmr spectrum of F2PNCH3NCH3PF2~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 Jepncn = 2.8 Hz and Iewen * Tpnnen = 8 Hz (compared

to 3.0 and 8.8 Hz for F2PNCH3NCH3PF2). The phenomenon of virtual

coupling is still present in this spectrum. These minor changes in
chemical shift and coupling constants upon coordination of BF3 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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— = 5 Hz

§ -2.96

JPNCH = 16,0 Hz

FIG, LT, lH NMR SPECTRUM OF C1P(NCH_NCH )2PC1'XBF

373 3
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FIG. 48. THE lH NMR SPECTRUM OF PRODUCT FROM BF3 + Cl2PNCH3NCH3PC].2
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C. REACTIONS WITH HEXAFLUOROBUTYNE-2

1. DESCRIPTIVE CHEMISTRY
The reactions of F2PNCH3NCH3PF2 and P(NCH3NCH3) 3P with the ex-

cellent dienophile hexafluorobutyne-2, CF3

to investigate the double bond character of the phosphorus-nitrogen

CCCF3, was attempted in order

bonds. If the extent of pm + dm N+P dative bonding is great enough,

then possibly a Diels-Alder addition complex of F.PNCH_NCH_PF,. might

2 377372
form according to the equation P ,F
)
\ CH
CF s 3
F‘P P’F i3 I}T—C‘-CF3
Gt * I LN ]
S M ’ = =cr
H,C CH C P CH
3 3 oF F \F 3
3
However, no addition complex was isolated when CF3CCCF3 and F2PNCH3-

NCH3PF2 were heated as high as 60°,

A similar reaction between CF3CCCF3 and P(NCH3NCH3)3P was carried

out. A yellow solid containing CF3CCCF3 and P(NCH3NCH3)3

mole ratio was obtained. It did not melt when heated to 300°. The

P in a 1:1

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
sparingly soluble in acetonitrile zand a ssturated solubtion had wltra-
violet absorptions at 204 and 218 mu. The molar extinction coefficients

were not obtained,



127

The lH nmr spectrum of [CF3CCCF3P(NCH3NCH P]n indicates that

3)3
most of the methyl protons are equivalent, and the phenomenon of virtual

19

coupling still exists in the azdduct. However, the "~“F 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 *F nmr spectrum of [CF3CCCF3-P(NCH3NCH is shown in

P
3)3 ]n
Fig. 52. The only other source of fluorine in addition to those in

the adduct is from unreacted or dissociated CF CCCF3, which appears

3

as a singlet 6-21.4 ppm. However, this spectrum of the adduct is

much more complex than the single line spectrum of CF3CCCF3. This

spectrum has 10 distinct peaks, and some 2f these peaks have fine
structure. No peak corresponding to uncomplexed CF3CCCF3 is present
in the spectrum. The positions of the peaks in the spectrum are

tabulated below.

CHEMICAL SHIFT J, Hz REMARKS
§, ppm (TFA)

-30.7 - smell singlet

-29.}4 - small singlet

-21.6 ? broad

-20.L ? small

-18.8 ? small

-17.4 3, 6 multiplet - two quartets?
-1%4.2 10 quartet

-2.35 3, 6 multiplet

+1.3 - small

+1.4 - small
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The 'H nmr spectrum of [CF3CCCF3-P(NCH3NCH P]n taken at 25° is

3)3
shown in Fig. 52. It is a very intense distorted triplet at 6-2.81
ppm with 15.8 Hz separating the outer peaks plus eight less intense
pesks (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
ppr. The shape of the large triplet at -2.81 ppm is very similar to

that of that in the spectrum of P(NCH NCH3)3P where the chemical shift

3
is -2.7h 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 3lP nuclei, since this same phenomenon caused the distorted triplet
in P(NCH

NCH3)3P. All signals appear to be due to NCH, protons.

3 3
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— =5 Hz —15.8 Hz —

§&2.81 ppm

FIG. 52. THE “H NMR SPECTRUM OF [P(NCH_NCH,) P+ CF ;CCCF 3] |
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D. REACTIONS WITH METAL CARBONYILS

1. DESCRIPTIVE CHEMISTRY

Schmutzler has studied the coordination complexes formed from
metal carbonyls and FnP[N(CH3)2]3_n.36’58 He found that these complexes

are much more stable than the corresponding ones incorporating PF_ or

3

RPF2 as ligands and that coordination occurs at phosphorus. N&th et al,

reported that a complex formed when Mo(CO)6 was reacted with
P(NCH3NCH3)3P, but did not give any details of the reaction nor of the
properties of the ccmplex.18 Thus it was of interest to see how

FQPNCH3NCH3PF2 would behave as a ligand in g metal complex. Its co-

ordinating ability should be similar to those of F2PN(CH3)2 and
P(NCH3NCH3)3P. 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 F,PNCH,NCHPF,,
in methyleyclohexane 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 mmol.
Removal of solvent afforded a gray-yellow solid that was soluble in
chloroform. The lH nmr spectrum showed only one kind of proton. The
2(CO)IOF2PNCH3—

NCH3PF2+ but some Mo-containing peaks at higher m/e were present, so

the formulation of the complex may not be M02(CO)10F2PNCH3NCH3PF2,

although the stoichiometry of the reaction corresponds to this

mass spectrum showed a peak that corresponds to Mo

according to the following equation:
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hv
2 Mo(CO)6 + F2PNCH3NCH3PF2 + 2 CO + Moz(CO)lonPNCH3NCH3PF2

and the lH mmr spectrum indicates that the complex is relatively pure.
The infrared spectrum does show CO stretching at 1960-2000, 2045, and
2080 cm - as well as sbsorptions arising fram the F,PNCHNCH_PF,,
moiety.

A reaction of F2PNCH3NCH3PF2 and Fe(CO)S 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 “H nmr spectra, taken at 25°, of the

complex formed when Mo(CO)6 was reacted with F2PNCH3NCH3PF2, are shown

in Fig. 53. At single resonance it is a doublet of triplets at 6-3.16

ppm with J. = 8.5 Hz and J

PNCH = 2,5 Hz, These velues are similar

FPNCH

to those in the free ligand, where 6-2.87 ppm, J = 4 Hz, and

PNCH

JFPNCH = 3,0 Hz, The line shape of this spectrum differs from that

of the spectrum of FQPNCH3NCH3PF2 in that no virtual coupling occurs.

Irradiation of the 31P nuclei at 3693 Hz caused partial decoupling

as it 4id for F2PNCH3NCH3PF2. As was observed in the double resonance

spectra of FZPNCH3NCH3PF2 and FP(NCH3

nuclei caused partial decoupling of FPNCH. This is because the high

NCH3)2PF, irradiation of the P

power needed to decouple the 31P nuclei which resonate at three fre-

quencies separated by J_ ., = ca. 1200 Hz results in unintentional

PF
decoupling of some of the other nuclei, i.e., l9F-1H in the sample,



5 -3.16 ppm
JoncH 8.5 Mz
JepNCH 5 Hz

FIG. 53.

1y wMR SPECTRUM OF Mo(CO) ¢

irradiation at
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+ FQPNCH3NCH3PF2 REACT

TON PRODUCT
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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, ClzPNCH3-

NCH3P012 FP(NCH NCH ) ,PF, and F PNCHBNCHBPFz, have not been prepared

before. P(NCH NCH ) P and ClP(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.z’h’5’8’9

The preparations of the compounds are all quite similar to those used

9,36

to synthesize similar halophosphines. The only procedure which

does not find close parallels in other systems is the initial prepara-

tion of P(NCH NCH3)3P from P[N(CH and CH_NHCN_NH-2HCl, and even

3 3)2]3 3 3
this is formally similar to reported transamination reactions.sg The
difficulty noticed in the fluorination of ClP(NCH NCH ) PCl is perhaps
somewhat unusual; however, other workers have noted some difficulty in
preparing various monofluoro derivatives. For example, FP[(NCH3)2]2
cannot be prepared via fluorination of ClP[N(CH3)2]2 with SbF3.8’ 35
The relative lability in reactivity of the phosphorus-halogen
bonds is also quite similar between these and other compounds. The

NCH.).P, C1P(NCH_NCH.).PCl, and C1.PNCH_NCH_PC1

377337 37732 2 373772

are readily interconvertable, while the fluoro derivatives are much

three compounds P(NCH

less labile. Similar behavior has been noted for other hydrazino-
and aminohalophosphines where it has been observed that monofluoro

derivatives cannot always be prepared by direct reaction of the
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difluorophosphines with the gppropriate base even though such reactions

do proceed with the analogous chloro compounds.l’z’h

Likewise the greater reactivity of the P-Cl bond is demonstreted
3 and BF3. In each
of the compounds containing P-F bonds simple, well behaved borano

in the reactions of the various compounds with BH

derivatives could be isolated. However, with the chlorophosphines,

more complicated behavior was noted with C1l_ PNCH_NCH_PCl,, Similarly,

2 3773 72

with BF_, the fluorophosphines seemingly gave simple adducts, while the

3’

corresponding reactions with the chloro derivatives were considerably

more complicated. As pointed out above, this behavior closely parsllels

4,8,36,56

the trends seen in the aminohalophosphines, The genergl

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

gcids which may coordinate at the nitrogen, relatively weak complexes
}4,8,56

form, indicating that the nitrogen's basicity is quite low.
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 PCl,, the cage is broken to form a cyclic and

3’

finally a straight chain compound. In no case was evidence of

(-PNCH3NCH3)n-P-polymer formation noted, nor were species such as

NCH_NCH
IC3C3\

PNCH_NCH..PC
\ ¢ 3 ¢ 3 1

35 : 1
NCH3NCH3PC 5
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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., Ph°6’

PL010, Py [N(CH,),1q, P75

and the exhaustive, nearly fruitless search
for a P-N high polymer certainly indicates that the compounds formed in
the PX2 - CH3NHCH3NH system are not terribly unique. However, the
interconvertability of the chlorophosphines may indicate that labile
cage $cyclic ¥ straight chain systems are quite common to phosphorus-
nitrogen chemistry. D. Whigan had observed such a relationship in

the PCl3 - H2NN(CH3)2 system where the following interconversions occur,

-« “ <
P3(NNMe2)6 by 013P(NNMe2)3 5 C15P3(NNMe2)2 hY (0121>)2NNMe2

and suggested that similar behavior might be seen with the aminophos-

phines.S

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 pw + dr character in the phosphorus-nitrogen bond. Such
bonding might explain the chemical and stereochemical properties of

.
these compounds.3’8’9’*2

For instance, the difference in lability of
the P-Cl 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 electronegativity 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, meking pw - dm
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 pm »> dm Cl>P dative bonding would be expected.

This same concept of pm - dm dative bonding helps explain why
P(NCH NCH ) P is the most stable member of the series. Nitrogen, like
fluorine, should be able to form pm + dr dative bonds to phosphorus.
However, nitrogen is less electronegative than fluorine, so the degree
of double bond character in a nitrogen-phosphorus bond should be grester
than in a fluorine-phosphorus bond. Thus the phosphorus in P(NCH NCH )
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 F P(NCH NCH3)3 nPF 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(NCH NCH.)

3773

these ligends should be able tc act as bidentates or bridging ligands,

3__nPFn campounds should be possible, and

forming metal-phosphorus bonds. P(NCH NCH ) P has been reported to
18

form a complex with molybdenum, and a study being made by V. Hu

26

indicates that this is true, In this work, it was found that

F2PNCH3NCH3PF2 reacted with Mo(CO)6 in the presence of ultraviolet
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light, but the resulting complex was not fully characterized.
The physical properties of the straight chain fluoro compounds
are most interesting. Both F PNCH NCH_PF,. and F PNCH_NCH_PF,,+BH

37372 37737273
shown temperature dependent l9F nmr spectra which have been interpreted
in terms of hindered rotation within the molecule, In the case of
F PNCH3NCH3PF2 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). Berriers to rota-
tion previously have been measured in hydrazine, chlorophosphines, and
mixed halophosphines, and evidence for them obtained in fluorophos-

6,58 However, this is the first difluorophosphine in which the

phines.
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
hindrance and lone pair-lone pair repulsions on the nitrogens.hz_h?
In F2PNCH3NCH3PF the substituents on nitrogen are quite bulky and the
FZR_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 pw -+ dr 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 interactions resulting from delocalization of the lone pairs
in the pr » dr bonds. The three factors which contribute to the P-N
rotational barriers are steric effects, lone pair-lone pair repulsions

o)
between phosphorus and nitrogen, and pw - dn NP dative bonding.6’3”h0’58
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19

The F 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,
3 8

o R
FnP[NCHBN(CH3)2] _ns &nd F P(NCH OCH ) The large values of Jp .

(ca. 1000-1300 Hz) are consistent with those noted for similar com-
3,4,8

pounds, The HCNPF coupling constants are 2-4 Hz and agree with
those obtained from the 1H nmr date for these compounds and are also

in the right range. Lormgrange PNNPF coupling was observed, and the

values of JPNNPF were =14 to -25 Hz and compare favorably to JPOPF =
. 10
-14 Hz in F2POPF2.
Coordination of BH, at F.P- resulted in the chemical shift moving

3 2

upfield by ca. 8 ppm, while coordination of BH. at FP- resulted in

3

the chemical shift moving downfield by ca. 8 ppm, and coordination of

BF3 at FQPN- did not affect the chemical shift of the EQPN signifi-

cantly, although the chemical shift of the EB

field., Similar trends were observed for F.PN(CH

2
8

BN moved ca. 25 ppm up-

) F PN(CH )

372 3’

and FP[N(CH3)2]2-BH3.

The 1'H 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 peek intensities and small chemical shift
differences observed between CEB resonances in CHBNH-CH3NH demonstrate
that no rearrangements of the nitrogen moieties have occurred, except
possibly for the product obteined by the reaction of BF3 and C12PNCH3—

NCH3PC12. The PNCH coupling constants determined from the observed
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and calculated spectra are of the same magnitude as the JPNCH = 5-15
4,8,32

The JPNNCH values

were determined from the theoretical spectra in compounds where virtual

Hz observed in several alkylamino compounds.

coupling occurs; in other compounds JPNNCH = 0. The chemical shifts

are comparable to those of similar compounds. The FPNCH coupling

constants are well within the range of 2-5 Hz reported for similar

4,8,32

couplings in FnP(NRR')3_n, and agree with those determined from

the 19F nmr spectra.

The PNCH coupling constants are less for the fluorc compounds
than for the chloro compounds. The chemical shifts of the chloro
coampounds are downfield from the fluoro compounds, which in turn are

downfield from that of P(NCH NCH )3*. The chemical shifts of C1 PNCH3-

NCH3PC1 and F2PNCH3NCH3PF2 are downfield from those of ClP(NCH3NCH ) PCl

and FP(NCH NCH3)2PF respectively.

3

Coordination of BH. at the phosphorus atoms resulted in the

3
chemical shift moving downfield slightly. Coordination of BF3 at the
nitrogen did not affect the chemical shift of the NCH, significantly.

3

Similar trends were observed for FQPN(CH3)2-BH F PN(CH ) +BF_, and

8

33 39
FP[N(CH3)2]2 BH
The molecular ions of X_PN(CH_NCH.) PX were found in their
n 37733 0n
mass spectra. 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
3 W (CH
3 and Hemv(Cn3
e small amount was noticed in derivatives of PX3 and HNCH3N(CH3)2.

derivatives of PCl p» DO N-N bond cleavage occurred, but

1,5
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This might be interpreted as a weskening 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 ClP(NCH NCH ) PCl,
FP(NCH NCH ) PF, and F PNCH NCH3PF2, and to a small extent, of

3

3NCH3)3P, but not in that of C1,PNCHNCH.PCl,, vas formation of &

+ + +
(P - 42)" ion. A metastable transition for the process P = (P - k2) +

P(NCH

(42) was observed in the spectra of these campounds. It is very diffi-
cult to postulate a reasonable mechanism for this process. Even the
stoichiometry of the process is uncertain. Both CH2N2 and C HhN have
a mass of 42 and the resolution available on the spectrometer used

does not permit high resolution molecular weight determination. Since
F PNCH3NCH3PF3 undergoes this rearrangement, and in so doing leaves

a fragment which contains both phosphorus atoms, two -NCH_NCH_ -

37773
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,
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TABLE 10, F NMR DATA
8, PPM J, HZ

Compound T,°C PF BF PF PNNPF  HCNPF BPF  HBPF
PF3 25 -43.h 1400
FP[N(CH3)2]0 25 +22.3 10ks 3-h
F2PN(CH3)2 25 -12.4 1194 3-h
FP[NCH3N(CH3)2]2 25 +23.8 971 3.5
F2PNCH3N(CH3)2 25 -12.h 1184 3.1
FP(NCH3NCH3)2PF 25 +26.3 1023 19 3.5
FEPNCH3NCH3PF2 160 -12.3 1217
cis-FQPNCH3NCH3PF2 -40 -16.3 1209 14 3.0
trans—F2PNCH3NCH PF -ho - 7.8 1231 20 3.0
cis-FePNCHBNCH3PF -1k -21.9 1210

-17.2 1185

-17.1 1185

-12,2 1250
trans-FQPNCH3NCH PF -1hk - 9.k 1230

- 8.3 1240
FP(NCH_NCH., ) .PF+2BH 25 + L,5 1159 20 3.5

37732

it



TABLE 10 (continued).

5, PPM J, HZ

Compound T,°C PF BF PF PNNPF HCNPF BPF  HBPF
cis-F2PN0H3N0H3PF2-BH3 -62 - 5.8 967
cls-fgfyCH3NCH3PF2-BF3 -62 -15.6 1165 25
trans—FEPNCHBNCHBPFz'BH3 -62 - 1.9 1277
trans-fgfyCH3NCH3PF2-BH3 -62 - 6.6 1243 25
cis-FQPNCH3NCH3PF2~2BH3 25 - 8.3 1197 20 2.5 20 15
FP[N(CH3)2]2-BH3 25 +12.8 1070 3.0
FQPN(CHB)Q-BHB 25 - 4,3 1166 3.0 17
BF3 25 +48. 4
F2PN(CH3)2-BF3 25 - 0.1 +71.9 1325 3.0
cis-FQPNCH3NCH3PF2-BF3 o) -16.3 +T4.0 1208 17 3.0
trans—FzPNCH3NCH3PF2-BF3 Ty - T.9 +74.0 1243 17 3.0
C1P(NCH_NCH.),PCl-XBF 2L +T0. 1

33 3 +73.6

ST



TABLE 11. lH NMR DATA

§, ppm Jd, Hz

COMPOUND Pmcg3 Bg3 PNCH PNCH + PNNCH FPNCH
CH3NHCH3NH -2.h7
CH.NHCH_NH-2HC1 -2,82

3 3
P(NCHBNCHB),_}P -2.7h 14.9
CJ.P(NCH3NCH:3 ) ,PC1 -2.98 16.5
012PNCH3NCH3P012 -3.18 7.0
FP(NCH3NCH3)2PF -2.85 15.0 3.5
FQPNCHBNCH3PF2 -2.87 5.8 3.0
P[N(CH3)2]3 -2.43 9.0
ClP[N(CH3)2]2 -2.60 12.3
012PN(CH3)2 -2.82 13.0
FEPN(CH3)2 -2.71 9.0 3.6
C1P [NCH3N( CH3)2] 5 -2.69 7.3
ClgPNCH3N(CH3)2 -2.79 7.2

ont



TABLE 11 (continued).

S, ppm J, Hz

COMPOUND PNC§_3 Bg3 PNCH PNCH + PNNCH FPNCH BH PBH
FP[NCH3N(CH3)2]2 _2.58 5.7 3.5
F2PNCH3N(CH3)2 -2.61 5,2 3.1
BH3-P(NCH3NCH3)3P‘BH3 -2.90 13.25
ClP(NCH3N0H3)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 h
BHB-FQPNCH3NCH3PF2 -2.98 5.8 3.0
BH3-F2PNCH3HCH3PF2 BH3 -3.12 -0.67 T.2 2.5 10h4 16
BH3~FP[N(CH3)2]2 -2.58 -0.33 10 3
BHB'FQPN(CH3)2 -2.53 -=0.30 10 3 100 17
ClP(NCH3N0H3)2P01'XBF3 -3.07 16.0
012PNCH3NCH3PC12-XBF3 :2°§SS

“'l"‘o ho

et



TABLE 11 (continued).

S, ppm J, Hz
COMPOUND PNcg3 B_Ig3 PNCH PNCH + PNNCH FPNCH BH PBH
ClePN(CH3)2-BF3 -2,0k4
FQPN(CH3)2-BH3 -2.22
[P(NCH3NCH3)3P-CF3020F3]n -2.81 15.8
[Mog( co)lOF2PN0H3NCH3PF2] q "3 16 8.5 2.5

gl
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VIII. EXPERIMENTAL
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 most intense pegk being rated as 100%
abundant. Pesgks 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 TOO, and Beckman IR-9 infrared spectrophometers and calibrated
with the 1601 cm-l sbsorption of polystyrene. The solid samples were
run as potassium bromide pellets, Nujol mulls on potassium bromide
dises, 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 1h recording
spectrophotometer with matched quartz cells. The solvent used was

spectrograde acetonitrile,
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L. 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

The TH nmr spectra were obtained using Varian A-60 (60 MHz)
and Varian HA-100 (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 19

F nmr spectra were run on a Varian HA-100 spectrometer
(94,1 MHz) equipped with a variable temperature probe and an NMR
Specialties HD-60B heteronuclear spin decoupler. Chemical shifts
are relative to trifluorocacetic acid. Trichlorofluoromethane was
used as an internal standard. Samples run at high temperature were
dissclved in n-undecane or 1,1,2,2-tetrachloroethane. Low tempera-
ture samples were dissolved in 2-methylbutane. Room temperature
samples wvere dissolved in ethanol-free chloroform.

Volatile samples were distilled in vacuo into nmr tubes fitted
wvith 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 conditioms.

31 19

A13 P decoupling and "“F nmr experiments were performed by

Dr. Thomas Bopp.
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6. ELEMENTAL ANALYSES

Elemental analyses were performed by Galbraith Laboratories,

Inc., Knoxville, Tenn.
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B. MATERTALS USED

The materials used are presented in Table 12.

TABLE 12. REAGENTS USED

Reagent Source Treatment prior to use

1,2-Dimethylhydrazine Aldrich none

dihydrochloride

tris(Dimethylamino)- Aldrich none

phosphine

Tetramethylsilane Aldrich none

Antimony trifluoride Alfa Inorganics none

Sodium borochydride Alfe Inorganics none

Sodium fluoride Allied Chemical Co. none

Hexafluorobutyne-2 Peninsular Chemresearch distillation

Boron trifluoride Matheson distilled from NaF
at -110°

Calcium hydride Metal Hydrides, Inc. none

Carbon tetrachloride Mallinckrodt none

(spectrograde)

Chloroform (spectro- Matheson, Coleman & none

grade, ethanol-free) Bell

Tetramethylenesulfone Phillips Petroleum distillation
(Sulfolane)

Undecane Phillips Petroleum distillation
Trichlorofluoromethane Nuclear Magnetic distillation

Resonance Specialties

Diethylether (abs.) Matheson, Coleman & Bell distillation



Table 12 (continued).
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Reagent

Source

Treatment prior to use

Acetonitrile (spectro-

grade)

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

Matheson, Colemean
Bell

Mallinckrodt
Mallinckrodt

J. T. Baker Chem-
ical Co.

J. T. Baker Chem-
ical Co.

prepared by reaction

of NaBHh and HZSOh

prepared by reaction

of CH3NHCH3NH'2HC1

and NaOH

Metal Hydrides, Inc.

Alfa Inorganics, Inc.

Alfa Inorganics, Inc.

none

distillation

nomne
none

dried at 200°
for 12 hr

refluxed over LiAth

16 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 & 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°.

Preparation of P(NCH3NCH3)3P

In g 2-neck 500 ml round bottom flask equipped with two re-
flux condensers, connected to a nitrogen inlet and s 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 dimethylammonium
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(NCH3NCH P, m.p. 116-117°

3)3
(reported 116-117°).18

Preparation of C1P(NCH NCH3)2PCl

3

A flask containing 0.4L466 g (1.89 mmole) P(NCH NCH3)3P in 20 ml

3
chloroform was placed on & vacuum line. After cooling the flask to
-78° volatiles were removed. PCl3 (0.2510 gz, 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 mmole)
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3)2P01, m.p. 72-76°d (in a

sealed tube) in the reaction flask. The lH nmr signal showed only

or 92.1% yield of white, solid ClP(NCH3NCH

ClP(NCH3NCH3)2PC1 was present.18
A flask containing 0.1757 g (7..449 mmole) P(NCH3NCH3)3P and
0.1952 g (7.449 mmole) 012PNCH3NCH3P012 in 20 ml chloroform 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 27°, yielding 0.3710 g (1.4898 mmole)

or 100, of white crystalline C1P(NCH NCH3)2PCl. The lH nmr and mass

3
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 Néth, Payne, and Henniger.18

Preparation of ClzPNCH3NCH3PCZL2

PCl3 (35.985 g, 262 mmole) was distilled into a flask containing

a spin bar. Then CHSNHCH3NH (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 CHBNHCH3NH°2HCI 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 filtratiom,
yielding 5.54 g (41.5 mmole) of the impure salt as e white solid which

was identified by its infrared spectrum. The filtrate, which contained

excess PCl3 end C12PNCH3NCH3P012, wes evaporated slowly in vacuo at 27°
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snd the distillate was collected in a -78° trap. The residue (2.0115 g)

which was ClzPNCH3NCH3P012

vapor pressure. The distillate, in which a white precipitate formed in

s Was a semi-solid colorless material with low

10 at -T78°, was redistilled from a -45° trap through traps held at

-78° and -196° and 0.5300 g (2.01 mmole® 012PNCH3NCH3P012 was obtained

in the -45° trap and the PCl, was held in the -78° trap. The 2.0115 g

3

of semi-solid ClzPNCH3NCH3PCl2 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 ClePNCH3NCH3P012 vas
2.0065 g (7.64 mmole) or 25.3% of white crystals, m.p. 175°d (in a
sealed tube).

PC1, (2.748 g, 20.00 mmole) was distilled into a flask held at

-196° containing 1.0000 g (4.237 mmole) P(NCH_NCH_ ) _P in 10 ml chloro-
3’3

3
form. The mixture was allowed to reach room temperature and was stirred
with a magnetic stirrer for 1 hr. The excess PCl3 and the chloroform
were distilled into a -196° trap, leaving 3.3301 g (L4.236 mmole), or
100% yield of C:l2PI*ICH31\TCH3PCl2 in the reaction flask. The product

thus obtained had the same properties as the ClzPNCH3NCH3PCl2 prepared
by the first method. When the product was destined for reaction with
SbF3 and purity was not essential, small amounts of PCl3 were left in
contact with the product to prevent decomposition during storage.

Preparation of F2PN0H3NCH3PF2

A glass tube containing 1.4675 g (5.63 mmole) C1,PNCH_NCH_PC1,

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 begap, 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 resgents began darkening. After 2 hr, the volatile products
were distilled from the tube at 27° into traps held at -78° and
-196°. The desired product was in the -78° trap and PF._ was in the

3
~196° trap. The F2PNCH3NCH3PF2 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°. The yield of colorless liquid

F,PNCH_NCH_PF, was 0.6323 g (3.23 mmole), or 57.2%.

3773
A slurry of C1_ PNCH_NCH PCl2 in tetramethylenesulfone and

2 3773
diethylether was placed in a flask. NaF and a spin bar were added,
and the flask was placed on a vacuum line, cooled to —l96°, and the
volatile components were removed. The flask and contents were allowed
to warm to 27°, 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 refluxed for 1 hr. Distilletion at 60° into a -78° trap

yielded only tetramethylenesulfone. No F2PNCH NCH PF2 was obtained.

3773
Preparation of FP(NCH3NCH3)2PF
A sublimetor containing 2,1781 g (8.753 mmole) ClP(NCH3NCH3)2PCl
mixed with excess SbF. was placed on a vacuum line, cooled to -196°,

3

and volatiles were removed. The cold finger was cooled to -23° using

a carbon tetrachloride slush. The reaction mixture was heated to
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50-T0°. 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 e white solid had deposited on the finger, some liquid had
collected in the -78° trap, and some solid PF3 (identified by its
infrared spectrum) was in the -196° trap. After removing the sub-
limator from the vacuum line and allowing the materisls 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(NCH NCH3)2PF was 0,6321 g (2.92 mmole), or

3
33. h%, m-po 55-58° .

NCH ) P

Reaction of F PNCH3NCH PF with P(NCH3

F,PNCH_NCHPF, (0.0957 g, 0.490 mmole) was distilled into a

tarred flask on & vacuum line. Another flask comtaining 0,1235 g
(0.500 mmole) P(NCH NCH ) 5P 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(NCH NCH ) P was returned to the line, cooled to
-78°, and the F2PNCH3NCH3PF2 was distilled into it at 27°. The mixture
was warmed to 27° and stirred for 1 hr. Chloroform (10 wl) 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 27°
into traps held at -78° and -196° resulted in e white golid remaining

in the reaction flask and a liquid (at 27°) remeining 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(NCHB—

NCH3)3PF.
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Preparation of P(NCH NCH3)3P'2BH

3 3

A tube containing 0.1008 g (0.427 mmole) P(NCH NCH3)3P was

3
placed on a vacuum line, gir 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 (0.42 mmole)
P(NCH3NCH3)3P-2BH3

which turned orange and decomposed upon heating to 300° in a sealed

, or 99%, in the reaction tube was white crystals

tube.
A similar reaction done in tetrshydrofuran resulted in s

quantitative yield of P(NCH NCH3)3P in 1 hr at 27°.

3

Preparation of C1P(NCH NCH3)2P01'2BH

3 3

A flask containing 0.1121 g (0.450 mmole) C1P(NCH NCH3)2PCl was

3
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 -T78°
and mainteined at this temperature overnight. The EtZO:BH3 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 B,H¢, hence 0.448 mmole
82H6 had reacted. The solid material remaining in the reaction flask

was pele yellow, m.p. l30°d and hed an unpleasant odor like that of

P(NCHBNCH3)3P-2BH3. It was sparingly soluble in chloroform.
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Reaction of ClzPNCH3NCH3PCl2 with BQHG

A tube containing 0.9356 g (3.571 mmole) c12PNCH3NCH3P012 and
1 ml dry diethylether was placed on a vacuum line. Freshly prepared
32H6(l.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 Et,0:BH, from the -196° trap was

3
warmed to 27° then distilled through traps held at -112° end -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 Et20:BH3 resulted in formation of an orange solid and more
noncondensible gas (hydrogen). The total amount of B,H¢ that reacted

was 5.731 mmole. The orange solid was insoluble in chloroform, carbon
tetrachloride, acetonitrile, carbon disulfide, dioxane, diethylether,

and tetrahydrofuran. When water was added to the solid, it partially

dissolved, leaving an orange precipitate. The lH nmr spectrum of this

agueous solution was identical to that of agueous CH3NHCH3NH'2HCl.

Preparation of FP(NCH NCH3)2PF~2BH

3 3

A tube containing 0.0471 g (0.218 mmole) FP(NCH NCH3)2PF was

3
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 B2H6 was collected in a

trap held at -196°. The product remained in the reaction tube as a

19

white solid. It was identified by its infrared and ~“F and lH nmr

spectra.

Preparation of FQPNCH3NCH3PF2°BH3

Into a preweighed tube held at -196°, 0.7233 g (3.69 mmole)
F2PNCH3NCH3PF2 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 B,H (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 mmole),
or 52.0%, of F2PNCH3NCH3PF2-BH3 which was identified by its infrared

9

and 1H and 1 F nmr spectra. Its vapor pressure was 12.5 mm/27°.

Preparation of FQPNCH3NCH3PF2-2BH3

Into a tared tube held at -196° 0.2600 g (1.327 mmole) F2PNCH3-

NCH.PF, and 1.9093 mmole B Hs were distilled. After standing at 27°
overnight the tube and contents were cooled to -78° and the unreacted
B H, 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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2PNCH3NCH3PF2°ZBH3 which was identified

by its 1H and l9F nmr and infrared spectra. The original reaction tube

(0.7962 mmole), or 59%, of F
contained a yellow, nonvolatile solid that was insoluble in chloroform
and carbon tetrachloride.

Reaction of F2PNCH3NCH3PFé with B2H6 in THF

A tube containing 1 ml dry THF and 0.1600 g (0,840 mmole)
F_PNCH_NCH.PF, was placed on a vacuum line and cooled to -196°.
Volatiles were removed and B2H6 (0.450 mmole) was condensed in the
tube. The mixture was allowed to stand for a week at 27° and a yellow
solid and a colorless liquid resulted. The material was distilled at
27° into a -196° trap, then purified by distillation at 27° through
-23°, -45°, —78°, and -196° traps. The -196° trap contained 0.450
mmole B2H6' The -78° contained the THF and the F,_PNCH_NCH_PF, which

2 377372
were identified by an lH nmr spectrum. No reaction occurred.

Reaction of P(NCH NCH3)3P with BF

3 3

A tube containing 0.236 g (1.000 mmole) P(NCH NCH3)3P was held

3
at -196° and 6.00 mmole BF; was frozen into it. The tube was warmed

to -112° for 25 hr. At this time the excess BF3 (identifigd by its
infrared spectrum) was frozen into a -196° trep and measured. The
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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Reaction of BF;with ClP(NCH3NCH3)2PCl

A tube containing 0.3781 g (1.518 mmole) ClP(NCH3NCH3)2PCl was

placed on a vacuum line, cooled to —196°, and 2.0534% mmole BF3 was

frozen in it. The tube was then allowed to wamm to 27°, and the

contents reacted very rapidly end an additional 3.0451 mmole BF._ was

3

added, making a total of 5,099 mmole BF3 used. After 15 hr the tube

was cooled to -112° and 3.17 mmole excess BF, was frozen in a -196°

3

3 coordinated to 1.518 mmole ClP(NCH3NCH3)2PCI.

Upon warming to 27° the complex dissociated slowly, giving up 0.323 mmole

trap, leaving 1.93 mmole BF

BF3. The product was a tacky yellow semi-solid.

Reaction of BF3 with C12PNCH3NCH3PCl2

A tube containing 0.6469 g (2.47 mmole) c12PNCH3NCH3P012 wAas

placed on & vacuum line and cooled to -196°. BF3 (3.764 nmole) was

distilled into the flask. The BF3 began reacting immediately as the

tube warmed to 27°. After standing at 27° for 2 dsys, the tube was

cooled to -126° and the unreacted BF, vas distilled into e ~196° trap

and megsured. The amount of BF3 that had reacted was 2.7h mmole.

Reantion of BF. with FP(NCH

3 NCH3)2PF

3

A tube containing 0.0538 g (0.249 mmole) FP(NCH NCH3)2PF was

3

was Irozen in it. The tube was

cooled to -196° and 1.235 mmoie BF3

allowed to come to room temperature. The reaction mixture was cooled

to -112° for 5 min then allowed to stand at 27° 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 mmole). The room temperature

l9F nmr spectrum showed no complexed nor uncomplexed BF3.

Preparation of FEPNCH NCH_PF

37372
A reaction tube containing 0.676 g (3.5t mmole) F2PNCH3NCH3PF2
was cooled to -196° and 8.54 mmole BF3 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

mmole BF3 remained in the tube at -78°. It was identified by its g

nmr spectrum.

CCCF

Reaction of F.PNCH_NCH PF2 with CF3 3

2 3 3

A tared tube containing 0.1605 g (0.819 mmole) F2PNCH3NCH3PF2

was placed on a vacuum line, cooled to -196°, and volatiles were re-

moved. CF3CCCF3 (2.18 mmole) was condensed into the tube. The mixture

was warmed to 26° for 1 hr, then allowed to stand overnight at -T78°.
No gas had reacted after this treatment. The mixture was allowed to

stand at 27° for 48 hr, after which time to CFBCCCF3 had been taken up.

The mixture was heated to 60° for 2 hr. The liquid turned yellow.

The mixture was cooled to -T8° and the CF3CCCF3

trep. The emount of CF3CCCF3 recovered was 2.18 mmole.

was collected in a -196°
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Reaction of P(NCH NCH3)3P with CF.CCCF

3 3 3

A flask equipped with a spin bar containing 0.3164 g (1.3406
mmole) P(NCH3NCH3)3P was placed on & vacuum line, cooled to -196°, and
CF3CCCF3 (3.349 mmole) 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 mmole 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°,

Reaction of FQPNCH3N0H3PF2 with Mo(CO)6

A Pyrex glass reaction flask containing a spin bar, 33 g methyl-
cyclohexane, C.H), 0.2798 g (1.06 mmole) Mo(CO)6, and 0.1192 g
(0.608 mmole) F2PNCH3NCH3PF2 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 mm. 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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Reaction of F2PNCH3NCH3PF2 with Fe(CO)5

A reaction tube conteining a spin bar was placed on a vacuum
line and cooled to -196° and 0.2937 g (1.50 mmole Fe(CO)S and 0.2583 g
(1.32 mmole) F2PNCH3NCH3PF2 were frozen in. The mixture was allowed

to come to 27°, with stirring. Aluminum foil shielded the tube from

wltraviolet radiation in order to prevent the side reaction of

2 Fe(C0), B, Fe,(CO0)g + CO
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 1H nmr spectrum of the
mixture was taken, and it was the same as that of the uncomplexed

FZPNCHBNCH3PF2.

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

19

process observed in the ““F nmr spectrum of F2PNCH NCH_,PF,. above room

37732
temperature was done by plotting 1In 1/t vs 103/T, vhere T = the
exchange time and T = the temperature in °K. At slow exchange,

Tt = 1/(2nAv) where Av = half line width at half height. At inter-
mediate exchange, T = Y2 / on (62 - A2)1/2 where 8§ = separation of
lines at slow exchange and A = separation of lines at intermediate
exchange. At fast exchange, t = Av/(7 62). The values of 1/t and
103/T were corrected using a least squares method. This line is
plotted in Fig. 68 and has the equation 1n 1/t = -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—FzPNCH3NCH3PFé. The equation of the line of
the plot of 1n 1/t vs 103/T is 1n 1/t = -1727.7/T + 18.09, Sx.y =
0.7, and the activation energy is 3.4 kecal/mole. The plot of 1n 1/t

vs 103/T is shown in Fig. 69. The data used to calculate the

activation energy are shown in Table 1L,
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TABLE 13. DATA USED TO CALCULATE ACTIVATION ENERGY FOR
HINDERED NITROGEN-NITROGEN ROTATION IN F,PNCH,NCH.PF,
in 1/t 3 iIn 1/t
(experimental) T, °K 10°/T (least squares)
12,4 418 2.39 13.0
12.3 Lol 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 2.77T 11.0
11.0 351 2.85 10.6
7.h2 294 3.40 T.77
6.85 28k 3.52 7.15
6.23 273 3.66 6.43
5.36 26L 3.82 5.62
L.61 2k3 h.12 4.09
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TABLE 14, DATA USED TO CALCULATE ACTIVATION ENERGY
FOR HINDERED PHOSPHORUS~NITROGEN ROTATION
IN TRANS-F_PNCH_NCH_PF

2 377372
1n 1/t . 3 1n 1/7
(experimental) T, °K 10°/T (least squares)
8.75 173 5.78 8.10
6.16 6.37 7.09

k.o7 129 T7.75 L.70
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B. DETERMINATION OF AN ENERGY BARRIER FOR A THREE SITE

EXCHANGE PROCESS USING NMR DATA

Determination of the activation energy for an exchange process
over three sites is not trivial. The method given by C. S. Johnson,

55,63,6k

Jr., was used and is outlined here. At fast exchange, the

exchange time was calculated from
T = Av/hn(<v2> - <v>2)

where Av = line width at half height at temperature T,

2 2 2 2
= P
<v> (P1 VT Py v, 4 P3 vy )
2 2
<> = (Pl v, + P, v, 4 P3 v3)
where Vis Voo and v3 are the resonant frequencies of the three lines
at slow exchange and Pl’ P2, and P3 are the mole fractions at sites
1, 2, and 3. At slow exchange mAv = 1/T21 + (1 - Pi)/T, where
t21 = time a nucleus spends at site i. If 1/T2l is small, then

t=(1- Pi)/(nAv). ‘A plot of 1n 1/1 vs 103/T, corrected by the
least squares method, is shown in Fig. 70. The data used are in
Table 15. The eguation of the line is 1m 1/t = -2129/T + 20.76,
Sx.y = 0.8. The activation energy for this process is 4.2 kcal/mole

+1,6.
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TABLE 15. DATA USED TO CALCULATE ACTIVATION ENERGY
FOR HINDERED PHOSPHORUS-NITROGEN ROTATION

In CIS-F2PN0H3NCH3PF2

1n.1/'r 3 iIn 1/t
(experimental) T, °K 10°/T (least squares)
11.20 233 k.29 11.62
11.00 193 5.18 9.73
T.55 173 5.78 8.45

4,32 129 7.75 4. 26
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= observed point

® = point corrected using
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