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-

-of (CF

.from (CF3) ppcm(cn ), (VIII) and (CH,) SlOCH3 Compo%nd

and fluorophosphoranes, the most striking example‘belng the

. preferred synthetrp route for (VII) < . - .

. ABSTRACT =~ - \_ .

3 (I) was prepared.primarily from mono-

metnylation of CF3PC14 using\tetramethyllead. SubSequent'

‘CHB(CF3)PC1

fluorlnatlon of (I) w1th SbF3 yielded CH (CF )PF3 (I1)

which when reacted with (CH_)_.SiSCH. or {CH.) Nn-gave :
- - }33 39 X 32 .

. S

CHB(C?3)PF2(SCH3) (IIF) or CH3(CF3)PFZN(CH3)2 (IV) ,: ’ '

respectively,

P - ' . o
i(CF3)2PF2N(CH3)2 (V) was prepared. from the reaction

3) 2PC1,N(CHy), (VD) and SbF,. (CF) ,PF(OCH, )N(CH y/

(Vii), whlch was detected only in trace amounts from the |

reaction between (V) and. (CH3) SlOCH3

tures for several days, was obtained w1th relative ease/

(VIII) was synthesrzéd ‘from (CP )2PFCI and (CH ) SiN(b
)

2
The reaction (or lack thereof) of (I), (II), (IV)/ (V) e

(VI)vand (VIII) wlth either (CH3)351OCH3 or'(CH3)351.’CH3

= ! . X /"
demonstrated the contrasting chemical behavior of chloro-

The ln ‘and lgF nmr spectra of (I), (IV) , (V). ahd (VII;)

'were lnvarlant with temperature and the magnltude of the

P(§ values evaluated from the spectra suggested equatorial

‘ »p051t10ns for the CF3 group(s) and ax1a1 p031t10ns for the

a

dlrectly bound halogens- assumlng a trlgonal blpyramldal

19 -
(TBP) framework throughout. The lH, 'F and 3J'P nmr-sﬁectra“

of (II), (III) and (VII) were temperature—dependent. The -

2

4 low—temperature 11m1t1ng spectra 1ndlcated two d1ffereht P-F

v

. f a ’ L : By V.
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i
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at elevated tempeﬂa— J*'
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environments, i.e., axial and equatorial, for the taree
I . . “ .. O .
fluorines in.  (II), two different axial P-F environments for

'~ the two ffuorines in (III): and two different environments,
‘namely'exial and equatoriai, for the two CF3 groups in
fVIII). These temperature-dependent soeotral changes were
interbreted.as ardsing from a slowing downvof a ligand
positionél.exchange process, oOr in the case of (III), of
SCH3 rotation bbout‘the P-S bond. The letter averaging
ﬁrocess'washalso evident in the temperature—dependent nmr

4

spectra of 'F, P(SCH;) (IX), CF3PF,(SCHy) (X) and (cp3)2

3
PF (SCH3) (XI). Computer-simulation of the 31 ~ (1) nmx

- spectra of (II), (III), (ZTI), (IX), (X), (XI) as well as
4 those of (CF ) PF(sCH ) (XII) at particular temperatures
with specific rate constants gave reésonably good fit with

* values evalgated from the

experimental spectra. The AG
calculated spectra could be correlated with the "apicophil-

icity"” of the substituents other than fluorine in each

]
<« o, v

compound where a "pseudorotation" type of llgand permutatlon
‘ process was‘postulated” In contrast the AG* value for SCH4
rotation about the P-S bond 'in conoounds where thlS orocessl
seemed to be the most reasonable source of the temperature

dependency of the spectra,was falrly constant, ranglng frém

19.0 to 11.0 kcal/mole, ’
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CHAPTER ONE

v

INTRODUCTION
Although the simplest phosphorus(y) hnalides OPF3, PFS,
SPF3, OP_Cl3 and PCl5

of these pentavalent

were known prior to 1900 the chemistry

phosphorus’compbunds received scant
attenﬁfon until about i930 when intérest in the deriva;
tives of these simple compounds was séimulated by thet‘ i
discovery of the biological activity of certain organo- .
phosphorus compounds.lf Sustained interest in this fielﬁ

over the last thirty years is attested to by the

© voluminous literature extant, including much industrial

!
patent literature on anticholinesterases (i.e., nerve
ey

!
i

*gases) and phosphorus-based insecticides.
. /
N |

Current interest in éynthetic and structural studies of

five-coordinate phosphorus compounds arises largely from
{ i

observed molecular flukiénality of PF5 fifst'obServqa by nmr

¢

. 2 . g u - s
in 1953. Considerable developg;pt in this area has

occurred in the last twenty vea as a result of improved

synthetic procedures. and handling techniques.T'TheseL

-

studies have provided numerous' examples of fluxianal

-~

five—coordihate compounds related to‘or*degived from

o

PF. In -addition to the interesting problems of

! . H a . ) . . -
molecular dynamics, these'flve-coordlnate'compounds

,,\\ ) " o : i

provide a challenge to modern valence theory.
In 1953 a new branch of:bhosphdfuérfluorine‘ L s

chemistry was opened up by the discovery-by.Bennett,

-
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Emeleus, and Haszeldine>

of a direct and easy route to
" the synthesis of. perfluoromethyliodophosphines. The

.’\elevatéd-températufe reaction of CF,I and elemental -

3
I . .
phosphorus in the presence of 12 yields a mixture of the
trifluoromethyliodophosphines’
. - o . ’ ,
CP,T + P+ 1, 20072207C_ ep ) PI, - (1-1)
’ 72 hours n B
n=1,2,3

All other trifluoromethyl deriJatiQés of phosphorus

are prepared ffbm\these three phosphines. " For' instance, -

reéction of an iodophosﬁhine with HgCl yieldetﬁe

chlorophosphlne which in turn -can be readlly converted
i
-
into a halophosphorane by 51mple ox1dat1ve haIOgenatlon

‘'with molecular halogens such as’ Cl

PCl

3P + HgI

CF,PI +\{<jc12'—:—>'CF 2

(1-2)

CF4PCl, + Cl, ————wCF,PCl,

thmutzléré developed a novel and facile synthetic
appfoach;to fldbrOphosphoranes utilizing.oxidativé
fluérinagionxeéctionsof variqusly substituted chloro-
pbgééhinés with either Ast or Sij, The choice of
flubfinating agen: deéends on: the volatili£y of the
desired-phbéphofane.l The stoichiometry.of this redox

reaction ‘is given by the equations: | _ ‘

12

S _ - i i
- 3R(Ar)PCl, +, 4MF ;————=3R(Ar)PF, + 2M + 2MCl,

(1-3)

(I-4)



: ——— 3R. ' + + MC C(I-
3R, (Ar,)PC1 * 3MF, v\‘&Rz(Al.'z)PF:i 2M 4+ MC1l, (I 5?

s S
Halophosphines containing strongly electronegative-

perfluoroak&yi substituents do not suffer such oxidative
'fluojrination.5 However, AsF3 and,SbF3 can readily

convert previously oxidized compounds such as the chloro-
: ‘ ’ o

pHosphoranes into their fluoro analogsg

O

“ + . . ‘
x(CFy) PCl._ + yMF3—-f—>X(CF3)nPF5_n yMCl3‘ (I-6)

The ready availability of Group V fluorinating | \
. agents couplea!witﬁ the relati&ely m&ld conditions |
réquired pro;ide a generally éonvenient route to‘a large
'varieﬁy of.fluorophosphoraneé which can be further
stu&ied. N o

Our present 1nterest in pentavalent pentacoordlnate
phosphorus compounds has been focused on two principal goals.\\\
We wish to extend our khowledge of the chemlstry of |
five- coordlnate phosphorus which, in splte ofi much
recent act1v1ty, is still relatlvely untouched. « For
example, the 51mp1est pentaalle phosphorane, (CH3)5 is
presently unknown even though a varlety of more complex
phosphoranes with polycyclic substltuents such as. [
homocubape§ and gdamantane6 have been prepafed. A
second area of'interést is the stereochemistry of, the
pentacoordinate compounds,'a subjectkbhich has excited
much theoretical and éxperimental ihterest'espeqially

over the last five years.’' 14

s
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L
: The two common pehtaCoordinate structures, the
trigonai bipyramfo and the square pyramid,'are unique
among structures assoc1ated with 51mp1e coordlnatlon
numbers in that they provide two dlstlngulshable bond
-types w1th1n the molecular framcwork Structurai
"studles done on the various slmple and mixed halogeno-
phosphoranes as well as the uarious‘substituted
trifluoromethYlphosphoranes employing varied'physical
methods-have équested that the trigonal bipyraﬁid is the
groupd state geometry of these 51mple phosphoranes.
Notahle among such studles are the ‘elecftron dlffractlon
work'by Bartell and cq-workers15 l7'on PX (X = F, Cl)
97 the vibrational studles by Holmes and
N 18-21 .

co—workers\on the PC1 F._ series of compounds

A -
.as well as those of Grlfflths on the serles22 25

and (CH ) PF

\

(CF ).Px -n (X = F, Cl, n =m1 2), the nuclear magnetlc

7.8

jresonance studles by\Schmutzler ~and. his colleagues

Kl

on the varlous substltuted fluorophosphoranes and the

more recent work by Cavell26 28 et. al. on the trifluoro-

i ' -

F ,methylphosphorane series. Almost all of this work‘has‘

been directed toward the establlshment of ‘the ground
state geometry for these 51mple phosphoranes, and: whllq
" recent studies have'centered.on the factors'ianuencing

vthE,pOSltldnal lability and site preference 0of the llgands,
C

these factors are not. yet clearly deflned.

-

o
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The flve coordlnate compounds studled ‘in thlS work
can be divided into .two main’ classes, those contalnlng
" two trlfluoromethylngroups, and those contalnlng one
methyl and one trifluoromethyl group.. - |

The synthdsis and chemical behavior of each of the
P .

iphosphoranes of the typ~ CH (cF )PXYZ (x = F, Cl;
in‘Chapter'III. A 51m11ar development of.’the serles

oo
. {

Neer )

OCH ) are described

3129xyz (X = Fi ¥ = F, Cl, OCH,, and 2 = N{.CH ).) is

descrlbed in Chapter IV. Nuclear Magnetlc re#onance
- data}and resultant structural 1nferences for these_

. A O N
penﬁaeoordinate phosphorus -compounds are -presented in
‘Chapter V. - | - .- g T ‘j \ }

Energy barrlers to_thevligand averaging pr0céss§;
obseréegjin CH3(CF3)Pﬁ3and CH3(C%5)5F;XSCH3) were

. calculated and the reéults are presented in Chapter vVi.
- .

(S

Slmllar 1nvestlgat10ns were carrled out’bn a series of )
thlophosphoranes (CF ) PF d‘SCHB) where n-= 0,1,2,3,
_and the results are given in Chapter VII. '

A group of pehtavalent four—coordinate phosghorﬁs
coﬁpounds was obtained durlng the course of thlf work.
Thelr synthe51s, characterlzatlon, and spectroscoplc
data are given 1? Chapter VIII. ObserYatlons on the-

\\i:emistry and étereochemistry of the various eeﬁpoundg.

iRvestigated hereln are summarlzed and conclu51ons

prostef\in Chapter IX.' ' (



CHAPTER TWO

MATERIALS, 'APPARATUS AND TECHNIQUES -

This chapter describes the materlals, apparatus

3

and technlques used in, the course of this investigatlon.
. Special techniques or apparatus w1ll be described in

greater detail where'applicable.

R . . N N . ‘ ﬂ
High Vacuum System and Technigues

Due to the sen51tiv1ty of most of the starting
materials and products of the reactions to either air
or moisture or both,.all manipulations of volatile
compounds were carried out®using standard vacuum

techniques in a system constructed from Pyrex glass

¢ -

- tncluding Vacuum.stOpéocks‘lubricated with Apiezon "L" =«

grease. A pressure of less than 10 microns of mercury
l-

was attained by incorporating a mercury diffu31on pump
1nto the vacuum system. .This diffusion pump 15;

separated from the main vacuum system by a coid trap

held at -196°C with a liduid nitrogen bath and is backed
by_a,rotary oll pump. ,Separation of volatile"compounds
_was effected by passinggthe mixture through'a serieslof
U-traps cooled by slush baths at.different te_mper,atures.29

T

This procedure is referred to in the text .as vacuum

fractionation. Purification of compounds was generally

~achieved by means of repeated vacuum fractionatlons

using slush baths at close temperature 1ntervals.
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Nonvolatile materials which remained in the reaction

vessels were handled in a dry box under an atmosphere =
o ' .
of argon or nitrogen. Aquecous s>lutipns were handled

"in open air since they had been foupd by experience to

. . . Y.
be invariably air stabile.?%d/P

i 3 ~

-Reacyioh Conditions

Most of the'reactzzgg*were.carfied out in Pyrex
' X
"tubes of 10, 25, or 75 cc ‘volume. Those expected to
generate high pressure (> 2 atm) were perfofmed }n,thick-

walled Carius tubes of approximately. 50 :cc wvolume.

Reaéiion temperatures are quoted in appropriate'sections.

- In general iodotrifluoromethylphosphines were synthesized

in a 500-cc stainless steel reactor fitted with a large
heétéblé Valyé. This reactor was heated to,200—220°C

for 48 hrs in a large silicone bil bath. Occaéionally
these same'compounds wére prepared in 75 ml cCarius tubes

heated to 200-220°C for similar. periods in a tube oven.

LS

Materials

Compounds which were hogAcommercially available
were prepared by literature methods modified as‘described
in appropriéte sections. ?Réageng‘grade chéﬁicals were

subjected to simple fracticdnation to remove gross

impurities prior to reaction.



Instrumental Techniques

\
Iﬁfrared spectra of gaseé were obFained using a
9 cm gas cell wifh‘KBr or CsBr windows. All spectra
were recorded with a Pefkih—Elmer/457 spectrometer.
Mass spectra were-ogzgined on an AEI MSl9yspectro—
meter, operating at an ionizing voltage of 70 eV. '
Samplés were introduced as gasés'usinq a heated .inlét
‘system: (
Routine purity checks and preliminary studies of
teﬁpérature-dependent nmr spectra were done with a
varian AGO or A56/60 spectrometer.-‘ﬁigher resolution .-
wspeétra and temperature. dependence sﬁudies were executed -
~u§ing a Varian HA lOO’instrument, equiééedeith a
variable temperaturé controlie:!(Bruker) which was capable
of maintaining temperétures qé low as -150°C. The
preq&sion of the teﬁperaﬁuré vaiues quoted is * 1°,
established by calibratioh\QfAthe‘temperatufe controlier
and no déteCtable gradients were présen; inathe saméle

85 19 _

tube. Proton spectra were obtained at 100 MHz and F

spectra at 94.1 MHz on thié instf&ment. Pﬁosphorus—Jl

nmr spectra were obtained at 34;6 MHz on a Bruker HFX-90
spéétrbmeter_in'Four;er transform mode. Either 5,000 or
10,000 Hz éweeg;widths were collected in 8K or lGKIda;a

_,-points on the Nicolet 1085 computer incorporatéd into

the system. The temperature controller on this instrument



has the same characteristics as those described above.

:

Yolatile samples for nmr were prepared under

a

vacuum in 5 mm diameter tubes and consistedvof approximapely
-25% of the compogﬁd by volume in CFCl3 or.CF2C12 or 1in

some caSes a mixture of both solvents, plus a very smali
ahount of tetraméthylsilanevfor the internal réference

1 . ' C
for "H spectra. The fluorinated solvent also served to

~

provide the heteronuclear refererice and lock for the

.Bruker HFX-90 instrument. 1In some cases CD Cl2 or CD,.CN

2 3

solvents were used to provide heteronuclear lock and
reference signals.
Nmr \spectra of solid compounds were obtained as

solutions in either water or acetonitrile. The former

systems were prepared in air and the latter saﬁpleS»were

prepared in a dry box under a nitrogén or argon atmosphere.
: . . ) o

Chemical shifts given in this thesis -are measured .

relative to tetramethylsilane for proton,,CFCl3 for-

|
fluorine. Phosphorus chemical shifts are quoted relative

Ve

to neat P406 but were actually measured relative to the

heteronuclear lock signal and converted to the appropriate

chemical shift'values by adding to this measured value

406‘relative to the machine
¢ !

zero obtained with the particular heteronuclear lock.

the resonance frequency of P

Unless stated otherwise all nmr parameters were obtained
from spectra obtained with the Varian HA-100 or Bruker

'HFX-90 instruments. .



CHAPTER THREE
SYNTHESIS AND REACTIONS OF SOME' -

METHYL (TRIFLUOROMETHYL) PHOSPHORANES

Methylation of tetr alogenophosphoranee CF3PX4 (X =

F, Cl) with reagents s 2 ethyltin30 or tetré&_‘

I (CF )Px The preparation of a series of derivatives ,

3°
of this system was undertaken to provide possxble 1n51ght
A

into the effects of" electronlc factors on the chemlstry of

phosphoranes. .

Experimental

A. Preparation of Methyl(trifluoromethyi)trichlorophosphorane.

Methyl(trifluoromethyl)trichlorophosphorane, CH, (CF,) -
PC13, was prepared either by the careful -chlorination of

CH3(CF3)PC1, prepared according to the method established

- by Burg,32a or alternatively by methylatidn of CF3PC14 with

(CH») Pb.31 Although the Iatter route requlred a reactlon

perlod of several days, repeated vaguum fractlonatlon and
was a relatlvely low-yield reactlon, it was the preferred
route because CF3PC1 1s easily prepared and (CH ) Pb is
commercially available. On the other hand, preparatlon of
CH (CF )PCl is tedious and requlres the initial preparatlon

of (CH ) P Most of the CH (CF )PC13'used in this study was ..
/ ) _

therefore prepared by the,second method as outlined below.'

o~

10



- . .
, .
\
) o » : e »
. / 3
. v -
'

oo f,

3

/// | In a typical reaction CF,PCl, (5.736 g, 23.89 muoles) .
was condensed onto .(CH3)4Pb ( ~ 9 g, 70% solution in é

toluene) in a 75 cc reaction tube, thls was scaled under T
, .

vacuum and agltated for several days at rodom temperature ‘ :
: 3 *
The reaction was taken to be. complete when prcc1p1tatlon of .

(CH PbCl, an 1nsolub1e white SOlld, ceased. 'The de51red

1)y

product (CF )PCl (1. SOO g, 6.82 mmolos)&as.separated

3 t
from the toluene solvent under vacuum and collectcd at

(
-78°C. Infrared data for .CH (cF )PCl are given 1in Tab]e,l,

3 37773 : _ o .
nmr data in Table 3 and mass spectral data in Tables 4 and"Si
. ) ‘*' \(
B. Reactions of CH3(CF3)PC13.‘ '

(i) aAlkaline hydroleis

Treatment of CH, (CF )PCl (0 130 g, O. 591 mmole) with

3.
about 0.5 ml Jdegassed saturated NaOH solution for several

days gave CF_H+«(0.040 g 0.580 mmole). The nmf\spectra of

3
the nonvelatile products in the hydrolysate showed the

presence of CH3P03 1ons.33 34

1

(0.105 g, 0.476 mmole) with

(ii) ‘Neutral hydrolysis

Hydroly51s of CH3(CF3)PC13

v neutraL water yielded no CF_H and the nmr spectra of the S

34

hydrolysate showed the presence of CH3(CF3)P02— ions.

(iii) Reaction with (CH,) ;Si0CH,
The main phosphorus-containing product of the reaction

,betwéen CH3(CF3)PC13‘and gcu3)3Sioc53'varied&depending on

<
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o N -
the stoichiometry of the rcactants. A 1:3 mole ratio of

CIIB(CF3)PC1A‘3 FO (C_}13)3SLOCH3 yvielded CH‘3(CF‘33)P(O)OCH3 | : ¢ \
whereas a 1:1 mple ratio yielded mainly CH3(CF3)P(O)C1. /

In a, typjcal reaction, cn3(cpé)pc1 (0.408 g, 1.83

3

mmoles). was condensed onto (CH,) ;SiOCH, (0.659 g, 6.33

3
mnoles) in a 5 mm diameter nmr tube, sealed Under'vacuﬁm,'

™

and gradually brought to room temperature. ., The lH'nmr ’
' |

~spectrum obtained after 24 hours showed that the‘reactioh was
far from complete. .The mixture was then agita;ed,for about
6 days_and vacuum fractiopated. 'CH3‘CF3)P(O)OCH3'(0.261 g,
1.61.$moles)was collected at -45°C tfap. Infrared spectfo—.

1

scopy of the -84°C fraction showed it to be a mixture of

(CH3) 38iCl and unreacted (CH,) ,SiOCH; (combined mass,
0.658 g)."CH3Cl and very small amounts of (CH3)BSiCl and’/ .
(CH3‘)38iOCH-3 were trapped at -196°C (cbmbined‘mass = 0.095'9).

Traceé of an-unidentified compound was found in the -63°C

trap. ) ‘ ,
3

In 'a reaction with 1:1 mole ratio CHi(CF3)PC1
(0.258 g,

3) 3510CH,

2.45 mmolés)in a:5 mm diameter nmr tube.’éThe tube was seal-

2.46 mmoles) was ‘condensed onto (CH

ed under vacuum and agitated for several days at room
temperature after which the contents were vacuum fractionat-

ed. CH3ECFj)P(O)C1 was collected at -45°C together with

3

trace of unreacted Cﬁ3(CF3)PC13 and a small amount of CH,-
From the total mass of the -45°C fraction

(CF3)P(O)OCH3.



N !
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(0.383 g) and the relative proportiops of'CH3(CF3)P(0)C1 to

CH3(CF3)P(O)OCH3

P(0O)Cl (2.22 mmoles) and CH (CF )P(O)OCH (0.09 mmole)'were
V\\ Py

estimated. Other products of the reaction as 1dent1f1ed by
! i i

infrared spectroscopy were (CH3)3SLC1 (0.259 g, 2740 mmoles)

(26:1 by nmr) the quantities of CH3(CF3)—

[

: . | 5
‘which was trapped at -96°C, unreacted (CH3)BSiOCH3 trapped

' | . . v ) s .
at '-116°C together with more (OH3)jSiC1 (total mass,‘0.00Bf

;9). A trace of this same mixture and CH3C1 (total mass,
‘ / ,

‘,0.lll.g.approx.'2.2~mmoles) was'collected at 4196°C.
Nmr data for CH3(CF3)P(O)OCH3 and CH3(CF3)P(O)C1 are
given in Table 1%, ir data in Table 14, and'ma%svspectral

data for CH3(CF3)P(O)OCH3 in Tables 16 and 17 of Chapter VIII.

o _ 2

(iv) Reaction with’ (CH ) SiSéH3 . . ]

CH3(CF3)PC1 (0.324 g, l 47 mmoles) was condensed

3

onto (CH ) SiSCH3 (0.208 g, 1;73 mmoles) in a 10 cc‘reaction
tube. The reactlon tube was sealed under vacuum and

?

agitated at room temperature for six days. An 1nseparable

mixture of CH (CF yP({8)Cl and CH3SSCH3 was collected at

-78°C. From the total mass of thlS fractlon (0.758 g) and

the relative propor%*pns (by nmr) , the individual quantltLes of
{

CH (CF )P(S)Cl (0.86 mmole) and CHBSSCH3

estimated. 'Fluor1ne-l9‘nmrmspeptra of the -45°C fraction

32b

showed it tb consist of - CH (CF )Pclj and“ CH (CF )PCl in

approxlmately equal amounts plus. two unldentlfled phosphorus-

fluorlne contalnlnqrcompounds (¢F = 72 2 ppm, 2JP¥F = 77 Hz

(0.11 mmole)qgere,;
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' C32e, . Lt o 2. : o
(CF3PC12? . )i ¢p = 75tlvam( Jpp = 92 Hz) (combined mass

= 0.052 g). A mixture of (CH3)3SLC1 and unreacted (CH3)3—

SiSCH. (combined mass = 0.194 g) was identified in the

3
-96°C fraction by infrared spectroscopy. The -196°C

- fraction was similarly shown to consist of CH3C1 (~9 mmoles)

and small amounts of (CH3)3SiCl and (CH3)'3SiSCH3 (total
mass, 0.044 g) - ‘ !

(v)'_Reactlop with (CH3L3S1N(CH3L2

; (0.114 'g, 0.518 mmole) was condensed
v

onto (CH3)3SiN(CH3)2‘(0.lb8 g, 0.923 mmole) in a 10 cc

CHB(CFB)PCl

reaction tube and sealed under‘vacuum.. The reaction tube;.
twas brouaht up %p room temperature, agltated overnlght
and the volatlle products vacuum fractlonated Infrared
;spectroscopy of the volatlle fractlon showed it to consist
of a mixture of (CH3)3$1C1 and.unreacted (CH3)3SJ.N(CH3)2
(tbtel‘mass, 0. 105 g). Among‘the'identifiable phosphorus— I
contalnlng products were CH, (CF )PCl[N(CH3)2]2 and

(CF )PCl N(CH ) w1th the former in greater amount.

An unldentlfled white non-fluorine contalnlng solid was

: o . v _
., also formed. L : o ' ‘va>

!

C. ‘Preparation of Methyl(trifluorOmethyi)trifluoro— |

Phosphorahe. , L f

{
i

;Methyl(trifluoromethyl)trifluorophpspﬁorane, CH, (CF3) -

PFB’ was prepared either by fluorinatiod'of CH3(CF3)PC13
us1ng SbFB; or by st01chlometr1c methylatlon of CF3PF4

30 ’ ' -
w1th (CH3)4Sn.

e i P C e e . ¢ et e b b i N it e
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A typical fluorination reaction consisted of condens-
(S

. S e ‘
ing C” (CF JPC1, (0.749 g, 3.40 mmoles) into a reaction¥

3
tube containing sublimed SQF3 (1.26 g, 7.07 mm01es); this

tube wasiscaled under vacuum and then agitated for about

i

three days at room temperature. The volatlle products
were vacuum fractlonated to give a nearly quantltatlve

yleld of CH (CF )PF3 which was collected at -96° C.

A typical methy;atlon reaction con51sted ir
(0.811 g, 4.61 mmoles) and H, Sn

cb-condensing CF3PF4
: I

(0.570 g, 3.19 mmgles) in a 25 cc reaction tube wh.ch w.s
then séé}éd'under vacuum. Aftég\agitation at. room temp-
erature for‘aboutvthree days. the reaction tube was opened
| under vacuum and the volatile components transferred 1nto

a fresh reactlon tube. Approximately 20 mole % (0.8 mmole)
i

addltional'CF3PF4lwas added to the reaction vessel before

‘it was re-sealed under vacuum and agitated at room temp-
erature once agaln Thls procedure was repeated two or
three times unt11 the fraction at -96°C, which-contains‘

the bulk of the product CH3(CF3)PF3, sho@ed‘no

trace ef (CH3)4Sn.‘ The yieid of CH3(CF3)PF3 in tkis‘ |
synthetic reute varies according te the scale of the |
_reactionL rénging from 17¢% obtaine§ with an initia;

. charge of 10 mmoles of C§3PF4 ué to 78% with an.initia;
charge of half this‘amount.' The principal advaﬁtage of

thlS procedure is that it prov1des pure CH (CF )PF3 whlch

'is otherw1se very dlfflcult to separate from (CH ) Sn by



le.

. s . 3
fractionation techniques.

Infrared spectral data are given in Table 1, mass

spectral data in Tables 4 and 5 and nmr data in Table 3.

D. , Reactions of”CHB(CF3LgF3. .

(i) Alkaline hydrolysis -
! . B
Treatment of CH3(CF3)PF3 (0.143 g, 0.834 mmole) with

0.5 ml degassed 10% aqueous S?OH\E?lution.uhder vacuum

gave no CF3H even after three days agitation at room -

temperature. The‘nmr and ir spectra of the fractionst
.showed the product of hydrolysis to be mainly CH, (CF )Pozf
ions. The presence of Hon ions3? was also 1ndlcated

by a broad peak (¢, = 150.5 ppm) in. the 194 nmr -spectrum.

Use of saturated NaOH selution under similar condi-

'tlons gave CF3H in the volatile fraction an‘.'CH3PO3 \wkf

and F~ (QF = 121 0 ppm) J‘OHS}‘5 in the aqueous solution.

(ii) Neutral hydrolysis

Treatment of CH (CF )PF3 with degassed water ylelded

CH (CF )PO2 ions as indicated by the nmr spectra. A
sharp peak at ¢F.=128 0 ppm in the 19F nmr spectrum 1s
assigned to| F_ lons;35 3 -

(iii) With (CH3L3SLOCH3

3 (0.112 g, 0.651 mmole) was 'condensedv

onto (CH ) SlOCH3 (0. 051 g, O. 490 mmole) in a 10 cc

CH3(CF )PF

reaction tube and sealed under wvacuum. _ The sealed tube

I !
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was gradually warmed up to room temperature and vacuum

fractionated after about ten minutes of reaEtion. Infrared

] : ‘ ; » ‘
and nmr spectra of the different fractions showed the
. J

products of the reéction to be CHB(CF3)P(OCH3)F2, trapped

with small amounts of CH,(CF;)P(0)OCH, and CH3(CF3)P(O)F .
at -63°C (total mass,‘d‘OBG”g), '(CHj)3siFfwas collected(f?

. . - N ' ~. , . 4
.at -116°C, together with unreacted CH3(CF3)PF3 and

(CH3)20 (total mass, 0.079"9). 1 '

Rea&tiop of a cq. 1:2 molar ratio of CH3(CEB)PF3'(O.r86
g, 1.08 ﬁmoles)'to (CH3)3SiOCH3 (0.188 g, 1.81 mmoles)'wag;_‘
attempted under the same experimental conditidns, this "
timeiin a 5 mm diaﬁeter nmr tubé, The nmr‘épectra of
the system éfte; lo,ﬁinutes showed that a reaqtion had -

commenced but had not proceeded to completion. The

L. , . '
products, as identified through the nmr spectrum, were

"CH3(CF3)P(OCH3)F2, a.t;acg of’CH3(CF3)P(O)OCH3, and f

H iF.
(C 3)351F

| ,
A 1:3 molar ratio of CHB(CFé)PF (0.181 g, 1.06 mmoles)

3

€o (CH}) ;SiOCH (0.329 g, 3.16 mmoles) was likewise

3
combined in an nmr tube and found tovyield products

idenFical to those in the 1l:1 and 1:2 mole ratio in

. ¢ . i

. : )
essentially similar proportions.

.(iv) With §¢H3L2§§ | |
A gas phase reaction betwéeh\CH3(CF3)EF3.(0.367 g,

2.13 mmoles) and (CH,),NH (0.148 g, 3.29 mmoles) was

o



in the reaction vessel was found to consist of (CH3)2NH’2

\
v

darried out with the amine added in sﬁall,portidns at
0°C, in a reactor descriped <‘,3lsewhe'x:e.3-6 This temperatufe
was maintained for about .30 miﬂqtes after‘which the |
productsMwere vacuum fractidﬁéged. The monosubstitution
product, CH3(CF3)PF2N(CH3)2, was collgctea”;t -23°C
(0.206°g, 1,05 mmoles). Excess (CH3);NH (0.045 g,,1.00

I\
mmole) was -trapped at -196°C. The solid residue left

8

+

lH and lgF nmr spectra.

and CH}(CF3)PF4- ions according to.
- Infrared spectral data'for.CH3(CF3)PF2N(CH3)2 are
given in Table 2, nmr data in Table 3; and mass speétral

data in Tables 4 and S.

3 . . ‘
3 (0.275 g+, 1.60 mmoles) was reacted with

(0.147 g, 1.23 mmoles) at rooﬁ"tgmpe;ature,

" (V) With (CH,) SiSCH
CH, (CF ) PF

3

‘CH3)381SCH , j
After agitation for 2'day§ the system was vacuum fraction-

atedK The bulk of the desired product, CH3(CF3)PF2(SC5317

was  trapped at -45°C with alémall amount passing through o

to the -63°C'trap,giving in total a -100% yieid (0.248 g,
1.24 mmoles) ofﬂthe desired methylthiéphosphorane. The
volatile fractions consisted of (CH3)3SiF and excesé
¢H3(CF3)PF3¥¢otal mass, 0.179 g). '
Infrared spectgal data for CH3(CF3)PF2(éCHB)”are:n/,
given in Table 2,.nmr data in Tablé 3, ané“ma 5 séeqﬁtal

data 'in Tables 4 and 5.: ' : ' /w'\_)

i I

18.



El Reactions of C}i}@%mgzw(cn:*)_z
(i) Alkaline hydrolysis

CHy (CF3)PF,N(CH ), (0.105 g, .0.532 mmole) was agitated
with 0.5 ml degassed 10% NaOH solution fqQr several days
at room temperature. Nmr spectra of the hydrolysate

indicated the preserice of N(CH.) H and CH3(CF3)P02_

372 2 :
1ons.34A sharp peak at ¢F —120.4 ppm in the lgF nmr:{A§>,
35

spectrum was attributed to F~ jon.

’

Use of satuyrated NaOH solution:resulted in the quan-
i )

titative liberation of CF.H and (CH3)2NH. . Nmr spectroscopy

3
» w7 =
of the aqueous solution showed the presence of -C gﬁé '
33,34

ions.

(ii)~Neptral‘hydrolysis

’Treatment of CH36CF3)PF2N(CH3)2 wrt HZQ gave.CH3(CF3)_

= 149.8 ppm) ions. / -
(¢p ppm) y

PO,  and HF.
o

2 2

A

(1ii) With (95313_;QQB:
No react1on was observed between CH (CF )PF N(CH )

1 44 mmoles) at room temperature even after several days

(O 235 g, l 194 mmoles) and (CH

. The reactlon tube' was then heated to 96°C and kept at
this temperature for nearly flve days durlng whlch time
some whlte solid formed on the walls of the tube.. . The

volatile products were removed and fractionated under

vacuum. Nmr showed the contents to be mainly the start-—
. . ! .

ing materials and a small-amOuht of (CH3)3§iF. The ’

quantity of white solid w' : insufficient for characteriza- {
. . , s \
~ [

v -
-
- 1 s . : : \5
. Y .

tion.



F. . Reactions of CH3(CF3L252(SCH3L.

(i) Alkagine hydrolisis

CH3(CF3)PF2(SCH3) (0.100 g, 0.5 mmole) was agitated
" with 0.5 ml of degassed 10%' NaOH solution for_sevefal
days after which‘the contents were,fractionated under

vacuum. CHBSH (0‘0218 g, O. 444 mmolé) was collected at

. 34
-116°C while the hydrolysate contained CH (CF )PO2 ions.

TWO'peaks_(¢F = 120.9% ppm; ¢Fv= 148.8 ppm) in the 19

sbectrum were attri’buted35 to F_ and HFZ— ions. Use of

saturated NaOH resulted in- quantxtatlve yle]d of CF3H

leav1ng F, CH3PO3 1on,33 35 and’ cn35 (t = 7.90)

in the hydrolysate.'

(i1) Neutral hydrolysis

- The hydroly51s of CH3(CF )PF (SCH )" (0.120 g,
0.601 mmole) in neutral mediuf ylelded CH3(CF3)P02_ in

the hydrolysate and CH3SH (0.022° g, 0.462 mmole) in;tge

»

volatile fraction. Peaks assigned to F~ (¢;@= 121.0 ppm) -

. f ’
and\Hsz (¢p = 150.0 ppm) ions were observed in the L°F

- spectrum of the hydrolysate.

fd

G. Synthesis of (CH,),SiScD,

(CH;) 3S15CD,,

(1.330 g, 11.4 mmoles) With CDjsH (0.647 g, 12.7 mmoles)"
for three days at room temperature. The yield of the’
deuterated silylthioether was 75 6% based od the 1n1t1al

= \;

amount of (CH ) slN(CH ) used.

SiSCD. was prepared by reacting (CH3)3SiN('C'H3)2

1 20.



21.

H. Synthesis of CH,(CF

4)PE, (SCD,).

CHB(CF3)PF (0.140 g, 0.813 mmole) was condensed

3

upon (CH3)351SCD3

vessel was agitated for 2 hours at 0°C. This gave a

(0.087 g, 0.706 mmole) and the reaction

98%.yield (0}1392 g, 0.685 mmole) of the deuterothio-

,)mothylatcd phosphorane based on (CII3)BS{18CD3 consumed .



TABLE 1
Infrared Spc cra of Methyl (trifluoromethyl)-

trihalophosphoranes®

Assignmentb

CIIB(CE‘:;)PF3 CH3(CF3)PC13
| -. 1389'5 $ OasCH3
1325 w 1325 w
1216 s 1245 m $ |
V.
1153 s 1190 s CF3
961 s ' -
873 m - Vp_p
828 s =
i N } .
. s
733 m ‘ 740 m Oag CF3(.)
- " 580 m Vais P~C1l
- " /540 m ‘.._vsym\P—C;
s
512 m - , &
o ' Vp-CF
466 w 488 m . 3
a Gas phase spectra, all values in cm—l. 's = strong,
m = medium, w = weak, v = stretching, v = deformation,
sym = symmetric, as = antisymmetric, ? = very tentative.

Py X /7
N ; . .
These assignments are tentative and based mainly on avail-
able data for related compounds. See for instance, ref. 41,
103. ' - ‘



TABLE 2
Infrared Spectra of Methyl (trifluoromethyl)-

difluorophosphoranés®

L3

/

23.

‘ ’ ‘ . b
VCHE(CFBJPFzN(CH3)2 CH3(CF3)PF2(SCH3) Assignment
- . 2976 m
2952 m - 2951 m
2882 m 2911 vw ! Veonm
2834 m _ 2841 vw ‘
' - . 2771 w
- 1436 w . i
1319 m - 1316 w as CHjy
1299 m 1266 s : osymCH3(?)
1212 s 1214 s ¢
1186 - s 1196 s v
1136 s 1147 s P-CH, Ver
1067 w 1076 vw
‘ 1027 vw »
1022 s . vP—NCZ‘
- : " 971 m’ }
897 s 891 s v
- . 859 s, - P-F
o o |
809 s 799 s :
771s 769 s f %as CF3(?)
: . ) ' . N
- 712m : }
666 s 643 m ' CF, (?)
601 m 607 m | sym 3
511 m 583 s }, ,
473 m ' 471 s oV
Gas phase spectra, all values in cm—l. s = strdng} )
m = medium, w = weak, v = stretching, o = deformation,
sym = symmetric, as = antisymmetric, ? = highly tentative.

These assignments are tentative, and baéed'méinly on
available data on related campounds. See for instance,
ref. 41, 103. .

/
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‘Resﬁzts and Discussion
: ¥

o 4 7

'

[ " 1!

A. Synthesis, Charaétériéation and Reactions of CH3(CF3)PX2

Previous studies on the basic hydrolysisjof (CFB)nPXS—n

31.

(X =F, Cl; n=1, 2, 3) series of compounds have indicated

: !
that basic hydrolysis generally cleaves all but one P--CF3

linkage, leaving‘CF3P03= ions in the aqueous solution.3’34
Investigations on-(CF3)3P(NR2)2 and (CF3)3PFNR2

26a,b

|
systems indicated that these trifluoromethylhalo—

-phosphoranes behaved siﬁilarly. Under similar conditibns‘
ofwétrongly basic hydrolysis the halogenophosphoranes

CH3(CF3)3PX (X = F, Cl) suffered cleavage of all but

one CF3 group to leave CF3(CH3)PO2

Thus the present methyl (trifluoromethyl)phosphorane

" ions in sOlhtipn,zsa

series might have been egpected to exhibit parallel

behavior to the non—methylated trifluoromethylphosphoranes.

, _
Recently however, unusual hydrolytic behavior has

been observed in the (CH3)nP(CF3)5~p (n =2, 3) and

[

CH3(CF3)3PY series of compounds (whgre Y = OCH,, N(CHS)2

or SCH;) in which all of the P-CF groups were cleaved

3
under conditions of stronély basic hydrolysis to be

[

liberated aé‘CFBH-leéving CH.PO_~ ions in thé aqueoué 1

) 3773
34

solution. Use of 10% NaOH solution in some caSes'gave no

.CF3H, and CH3(CF3)PO2

" ions remained in solution. Thus.
.the cleavage of CF3'groups in thése methyl (trifluoro-

" methyl)phosphorane systems is complex and heavily
' : : I

1



groups occurs for CH, (CF ) PX

and their derivatives. S S ;

™~

\ ' ' ' 32,

dependent 6p the strength of the medium and the nature

of the compound. We have foundvthat"comple£e cléavage of CF3

3 ( X =F, Cl) ‘and CH3(CF3)->

PF2Y (Y = N(CH3)2, SCH3) systems in parallel with the -
. .28 :
observationé a.of complete cleavage of CF3 for tHe systems

CH3(CF3)3PY (Y = OCH3,'N(CH3)2 or scn3). This behavior
clearly indicates that the CH3(CF3)P02— ion is not. as

résistant,to basic hydrolysis as CF3p03=.and that the
. S : , \

rate of hydrolysis is affected by the species present

in the hydroLysate.

Equations III-1 to 8 express the hydrolytic behavior

of the various methyl(tr}fluo:omethyl)halopﬁospﬂoranes

\

b
- - +
+ 3HF, + SH' (III-1)

S CF.)
o 2CH3( 3)PO 2 i

2

2CH & 4m
S (CPPF, 5

F,)PF_ + 50H “— o CH.PO__ - + -2)
CH3(C 3) 3 OH\, CH, 03. + 3F  + CF3H 2520 (I1I-2)

o

+ — +CH 1 ’
CH3(CF3)PC13 2H29 CH3(CF3)RO

- + s '
5.+ 4H + 3Cl1 . (III-3)

cn3(cp3)9c13 + 50H  — « CH.PO._ + CF.H + 3C1~ + 2H.0 (III-4)

33 3 2
- +' . ! - -
(CH4 (CF) PF,N(CH,) 2H,0 —=CH, (CF3)PO,~ + ko (I1I-5)
. ‘~+ + .
~ #N(CH,) ,H, + 2H

v

(€ + 40H —+ CH.PO." +
CH3(CF3,):PF2N(CH3)2 OH —= CH3PO, " + CF

+ F 4 520

3H + N(CHj)zﬂ?
’ (I1I-6)

. @



A

CH3(CF3)PF2(SCH3) + 2H20——————>CH3(CF3)P02 + CH3SH —

_ + (I1I~7)
+HF, + 2H
"2
. ) - ! = ‘ -
CH3(CF3)PF2(SCH3) + SOH ————f>¢H3PO3 + CF3H + CH4S ‘
, T | (III-8)
+ 2F7 + 2H,0

27

Botp CH3(CF3)PC13 and CH3CF3PF3‘\ react with (CH3)3—

$i0CH_, even at 0°C, with the chlorophosphomane reacting
much more slowly than. the fluorophosphorane. Further-
. more, the mole ratio of the reactants influenced only

.Ehe proportion, not the nature of the products. With
/ , .

CHé(CF3)PCl the products obtained were CH, (CF ) P(O)CL,

3'.

CH (CF 3P (0)OCH (CH,) SiCl, and CH,Cl. Equimolar

3’ 3
proportions of the reagents led to a. greater proportlon

of CH (CF )P(O)Cl whereas an excess of 511ylether gave
CH, (CF,)P(O)OCH, as the major product. This may be )
377300 3 - ®

rationalized as the result of a sequential substitution
[

process (ez~ III-9 to III-11l) involving perhaps

CH3(CF3)P(OCH3)C1 as a fast reacting or’ unstable inter- (f

2,
mediate which has not been isolated or identified. For

this reason this compound is enclosed in [] brackets.

We note that the analogous difluoride (vide infra) is |
0 ! J . N X .
"easily obtained suggesting that the dichloride is-a

reasonable intermediate.

—————[CH_(CF )P(OCH,)Cl1.]

3 A
3 3 37720 (111-9)
3 | + (cu3)3sic1

Y .

CH3 (CF3)PCLy + (CHy) ;SiOCH



[CH3(CF3)P(OCH3)C12]————a-CH3(C?3)P(O)Cl + CH3C1 (III-10

CH3(CF

3

)P(0)Cl + (CH.).SiOCH. ——= CH, (CF,)P (0)OCH,
3) 3S10CH, 3 (CF; ° (-
+ (CHy) ,Sicl |

Equatioﬁ III-11 would explain the greater proportion

of CH3(CF3)P(O)OCH relative to CH3(CF3)P(O)C1 whgn'

(CH3)3SIOCH
(eq III-1ll) occurs ohly to a very minor extent when the

reactants are in a l1l:1 mole ratio.

3

3 was 1in excess over CH3(cF3)PC13. This reaction

’

In contrast, CH3(CF3)PF3 reacted w1th_(¢H3)351OCH3

to form (CH3)éO, (CH3)3SiF,.ahd Varyingiproportions'of ,

CH3(CF )P(OCH )F , CH

and CH

ﬁériod.-

by eguations III-12 to III-15 may account for these

(C )P(O)OCH CH (CF )P(OCH3)2

3 3’
(CF )P(O)F depending on the length of “the reactlon

-
The following sequence of reactions represented

observations. S , o

CH3(CF3)PF3 + (CH3)3SiOCH3-————-CH3(CF3)P(OCﬂ3)£2

CH3(CF3)?(OCH3)?2 + KCH3)3810CH ————'tCH3(CF3)P(OCH3)2

- . (ITI-12
+ (CH3)351F

3 L]
| : {III-13
+‘(CH3)381F
) o - : .
: CH3(CEF3):P(OCH3)2F —=CH,4 (CF;)P(O)F + (CHy),0 (ITI-14
CH; (CF4)P(O)F #‘(QH3)3SiOCH3———f"CH3(CF3)P{O)OCH3

_ (III-15
.+ (CHy) 4SiF o

PR
R
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Y L
One can further speculate’ on the mechanism of the
- . 1)

s : ! o
reaction'bctwcen CII3(CF3)PI‘3 and (CH3)3SiOCH3'by consider-

ing the following observations. First;?the proportion -

of CH3(CE3)P(Q)OCH3 in the reacting mixture observed at
1} -

‘ arbitrary time intervals was always greater than that of’

CH3(CF3)Q(O)F, suggesting therefore that the process in

eq III-15, is ' faster than that of &q III—14. Second,

. we noted that if the product mlxture of CH (CF )P(OCH )F

CF P :
(CH )P (OCH )2F, CH3( (O)OCH3 and CH3(CF3)P(O)f

. was allowed to stand at room temperature for several - -

weeks, “the proportion of CHB(CF3)P(O)F in the sample o -

increased with a concomitant decrease in thé amounts of

CHJ(CFa)P(OCH3)F2‘qnd.CHB(CF3)%(O)OCH5»and4the eventual

disappearéFCe”bf CH'(CF3)P(OCH3)2F. In addition dimethyl

ether was ﬂroduced. An isolated relativély pure sample:

»of CH (CF3)I~3(OCH3)F2 remained unchanged after several

[ .\ . . '.
weeks at room temperature indicating that the above-

‘ tranSformatiéﬁs arise from secogdary reaction b&tween

the various products and not from inherent 1nstab111ty .
v T

of CH (CF )P(OCH )F These observatlons can be

explalned by assumlng that the following reaction

(eq III- lG)occurred in addltlon to eq III 14,

, (CF, )p(ocn )F + CH_(CF )p(d)ocn3 —_— .
o ‘ (111-16)
2CH3(CF )P(O)F + (CH ) 0

©

Thus two possible routes to thé formation of (CH3)20 can

“ - . < o.l . ‘.' &



-

be proposed but to date neither of'the processes described

by eqgs ITI- 14 or III- 16 have becn vérified by 1ndependent

~experiments. . It is notable that the formatlon of mtthyl

‘fluoride, analogous to eq III-10, proposed as~a reaction
step for the chlorophosphoranes, does not appear to be
an accessible route for the decomposition of CH3(CF3)P-
(OCH3)F2

' | : ' F_)P
It is not clear why CHB(QF3)PF3 and CH3(9 3) Cl3

behave o differently but it is reasonable to suppose, '\

since (CH3)3SiF and (CH3)3SiC1 were formed ‘in appropriate
. oo : v R
amounts, that the initial metathetical replacement of a &

halogen by the OCH3 substituent is common to both systems .

and that the observed dlfferences arise from the

~

secondary reactions suffered by the products. Thus the - X

unique formation of (CH ),0 from the former and CH,C1

from the latter are the notable differences which require

&

explanation aé well as the fact that the trifluoro-

phosphorane produced both the mono- and Bis(methoxy)— ,

~~

'substituted phosphoranes, CH3(CF3)P(OCH3)F2 and CHB(CF3)4

P(OCH )ZF,the‘latter being the most likely source of

(CH 0O (eq III-14), although other routes (eq ITI-

3)2
are p0551ble, while the chlorophosphorane produced no

uetectable amount of methoxy substituted chlorophosphoranes.

f One pci3sible reason for the differehces in stability

\

and react vit, and the initially formed products may

o

be in the ¢ ..cter of the substituents involved, Cl;
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OCH3 and F. An internal intramolecular rcarrangement
‘ /

can be proposed ;(Fig III-1) for the elimination of

CH3C1 from the initially formed postulated intermediate,

CHy(CF)PCLOCH, (eq TII-10).
CH. . ,
Fy ) 3 - | |
‘\\, &/ e CH, (CF )P 1O)CL + CH3C}

o

Fig III-1

This process (an internal nucleophilic substitution
reaction)®? is likely to be much more feasiblk for the

éhlorophosphorahes because Cl iS a much better leaving

groups than either F or OCH Equivalent bimolecular

3°
processes involving the postulated intermediate with -

3 can easily be written.

In contrast fluorophosphoranes Ere‘less likély to

N -

itself or CF (CH,) PCL
suffer such internal displademen; re;ctions because F iS.;,jﬁﬂ_
a poorer‘leaving'group‘ ‘than CI.Gg' This'difference can
‘expiain why CH3(CF3)P(6CH3)F2 was apparently much more¢.
stable and was indecd readily isoiated frbm.the reaction
system. The :stability of CH3(CF3)P(OCH3)F2 leads to . ~-. : ::‘h

I

subsequent substitution by‘(CH3)38iOCH

'

3 with the resultant
' formation of CH3(CF3HXOCH3)2F1 This speciés'appeérs
to decompose to CH3(CF3)P(O)F and (CH3)2O and the process

can be depicted as an internal nucleophilic substitution



g

'As before eduivalent bimolecular processes can be written.

reaction (Fig III-2) of CH (CF )P(OCH3)2 now involving "

OCH3 which is a better leaving group than F, leading to

the aobserved products given by'oq‘IIi—l@.

: /
CF, CHy P |
o} . CF o]
Iﬁ N N
Ctiy — P R P +(CHy) ,0
\C' cn/ l\F
e ‘O.‘—_,-CH3 3
F
Fig III-2

“to yxeld the same overall producfs.

The effect of dlfferent leaving group, chaxacter
of substituents is to therefore greatly.alter the overall
chemistry of the two systems. In tpedggség;;_;;f;;>é'
detailed information, further speculafion isvunwise;

However, it ‘is.clear that there is much interesting

substitutional chemistry of pentavalent-pentacoordinate

phosphorus to be done. In the present (ase additional
investigafions of the reactions described hove are '

needed to establish where:possible,the,validity'of

equations III-9 to.III-16. Likewise, establishing the

.particular origin of the CH3 groubs in the CH3C1 and

~

iCH Yo 0 products by means of isotopic labelling (for

example, preparlng OCD3 phosphoranes and follow1ng thelr

"reactlons) would llkely prove rewarding. ' ¥

~

38.
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3)351$Cﬁ3 was

analogous to its reaction with (CH3)3SiOCH except that’

The rcactionfof‘C}‘l3(CF3)PF3 with (CH

3
only the monosubstituted thiophosphoranc,‘CH3iCF3)PF2-
(SCH3), was formed and in excellent yield. ’This'compound
Was stable at room temperature for ‘a period .of
sevéral months. In_sharp’contrast, the trichloro-
phosphorane yielded the thiophosphorylchioride, CH3(CF3)—3
P(S)Cl, and CH3Cl, rather thah tpelanalogous thiophos—
| phorane,CH3(%F3)PC12(éCH3), a behavior‘reminiscent of'

_the reaction of CH (CF )PC1l with (an)ssiOCH ‘althoughv

3 3 3’
the products are somewhht dlfferent Again it seems

reasonable to suggest that the dlchlorothlophosphorane,
HJ(CF3)PC1 (SCH ), 1s first formed by means of" the expected
metathetical substltutlon (eq III -17 dnalogous to eq IITI-9)

but this compound is unstable and decomposeS/ln the

same way as that suggested for the oxy analog‘(eqﬂIII—lO), |

\
}

'perhaps involving a process similar to that postulated
for CH 4 (CF )PCl (OCH ) deplcted in Figure III-1. Thus
the behavior of the svstem is expressed by eqs III 17

and III-18.

* CH, (CF,)PCL, + (CH,),SiSCH, ————e [CH_(CF_)PCl, (SCH,)] :
43 A
3 | 3 7373 3 3'7°3 2 3 (I11-17)
f (CH3)3SLC1.

[CH3(CF3)PC12(SCH3)]?‘——*-CH3(CF3)P($)C1'+ CH3C1 ' (I11-18)
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/

! !

‘The presence of CH (CF )PCl ‘and CH3SSCH3 indicate thet
another decomposxtlon route involving oxgdatlon and .
reduction processes (eq III-19) cxists for the postulated
intermediate cHJ(CF3)p(SCH3)c12ﬁ in addition to methyl
chloride elimination (eq III-lB)L‘ The.detection‘among
the produCts of CH (CF )PCl andlother unidentified ;

i

phosphorus fluorlne compounds whose nmr paramtters in-

dicate a trivalent state for phosphorus suggest that a

mutual redox reactlon 1nvolv1ng the phosphoranc and another
mole of (CH3)3SiSCH3‘(eq ITI-19) can occur.

[cu3(CF30PxSCH3)C}2] f (CH3)3SlSCH3-—f——f——>'

| (III-19)
J(CF)PCL + CH, SSCH, -

This process is 1mportant.1n thls system because CH3S
is more readlly oxldlzed than CH3O
While the reaction ©f (CHj),NH with (CF,) PCLlo_.
(n = 2 3)! resulted in a mlxture of both (CF ) PClN(CH3)2
and (CF

P[N(CH ] from (CF ) PCl or (CF3)2PC1 N(CH )

26a5
from (CF3)2PC13./

3)2

+
]3
ylelded only the monosubstltuted product,

3)3

and CF P[N(CH ) its reaction with

CH (CF )PF3

_CH3(CF3)PF2N(CH3) together with, hexacoordlnate species

4_ which was identified principally by'means

of its lgF'nmr'spectrum‘(Figf I1I-3). These differences

: PF
cH3(cF3)

in the extent of amine substitution may have arisen from

the greater lability of the p-C1 .bond relative to the

!

P-F bond.
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{
The formation of the hexacoordinate anionic species

(CF )PF is not surprising since the trifluoro-

1

ghosphorane CH3(CF3)PF3 should beia rather strong Lewis
. 1

acid considering the high electronegativity of both the
‘ . . . {"

CE3 and' the fluorine substituents. Hence the phosphorane
readily abstracts a fluoride ion according to the ' j

-following ‘equations:

- +. ' . [ 2
CH3 (CF3)PFy + 2(CHy) NI Cliy (CF3) PR N(CHS) (II1-20)

. - : + ch3y2NH2+ + F
[
cu3(CP3)§F3 + F .e:——} CHy (CFJ)PF, = . | T (III-21)
and the overall reaction is: - . : o
) o : !
2cﬁ3(oF3)§F3 + é}cu3)2NH-T——~>CHj(cF3)pF;N(CH1)2 (TT1-22)

+
,+ CHB)ZNHZ + CH3(CF3)PF4

! v o . [
in agreement with the observed 1:1 stoichiometry of the
réaction. |
t . : .
. 19 ' ' i % . - N
The "°F nmr spectrum of CH,(CF;)PF,” (Fig III-3)
con51sts of two resonance regions, one is a doublet of
quintets with a 1 4:6:4:1 inten51ty ratio, the other,
a doublet of multlplets, the line: 1nten51ty ratlo of
whlch was dlfflcult to ‘assess because of the breadth
of ithe lines. This multlplet,structure within each
portion'of the major doublet was intetpreted as arising

from a partialfy\fverlapping Quartet of quartets due to

~
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couplinbiof the dbsqrvéd directly-bound fonriﬁes witﬁ
the CFB and CH3 groups. The doublét of quintcets upfic%d
of the first signal was assigned to the'CF3 gfoup which
is couypled with the four directl&—bpund fluorine atoms.
The ionic structure compatible with this,interpretation
iis thg'octaheéral structure with the CHB’and CF3 gfoups

posséssing_a mutual trans relationéhip (Fig 111-4). '

Figure III-4

Thq aminophosphorane CH3(CF3)PF2N(CH3)2, is stable
to disproportionation in contrast to thé re}ated
amlnofluqrophosphoranes, CGHSPF3N(CH3)2 and CH3RE3N(CH3)2,

which ‘after three weeks at room temperature rearranged
‘ , \

ito the isomeric salts aécording to the following
equation:38‘

[ V ) ; N + | -
2C6H5PF3N(¢H3)2 ———*-CGHSPF[N(CH3)2J2» + CGHSPFS (ITII-23)

. L .\ : .
CH3(CF3)PF2N(CH3)2.remained unchanged even after being

heated' to 90°C for several days. Similar.stability*Was
observed for (CFj)zszN(CH3)2 (chapter IV). The observation

. P . | i
that the diethylamino(phenyl)phosphorane,,C6H5PF3N(C2H5%ji



was unchanged even after six months at room temperature
I .

has led to the conclusion that special conditions are (/

y
. ! . . . .
required for this isomerization to occur,38

The re51stanc€ of CH, (CF,) PF,N(CH,) ," to P-F bond
cleavage is further demonstrated by its lack of rcact1v1ty

\-

even at elevated temperatures. These

. th . : n

obeervat4aﬁfm

3
'“.complete agreement with those’ reporu/d
on attemqug -i.j”utlon of other trlfluorophosphoranes

-~

.~~NR groups 39

R

'..B. Mass SpeCfr#ly.

Tne tr}haloﬁnosphoranes CHQ(CF3)PF3.and CH3(CF3)PC13
~did not exhibit any parent ion peak in their mass spectra, in
keeplng w1th the. usual behav1or of phosphoranes. 40 The rela-
tive abgpdance of the accurately measured mass fragments

\auggests that.cleavage of P-CH, is nearly as easy as cleavage

3

of P-CF,, 'for example, cu3pc13 (0.54%) and cp3pc13* (1.518%)

‘were formed in reasonably equivalent abundance from ’

L

CHB(CF3)PC13(Tables 4 and 5).

- ]

. The dimethylaminodifluorophospﬁorane on the other
_hand showed a peak due to the parent ion {(calculated m/e,
©197.0393; measured m/e, 197.0398). A few other amino-

phosphoranes have similarly shown apprec1able parent ion

lnten51t1e5.4od ‘ ) K

The methylthiophosphorane cu3(cF3)pF2(écu3), aid
not show a parentrion peak in its mass s?ectrum.

i
-

1 ! : :
E v ' »j v -
i . - - rd 1 - .



TABLE 5

v

Mass Measurement Data for Methw&%{{iﬁfuoromcthyl)—

« halophosphoranes
: ! | \ \

. a ' : . m/e
Compound ‘;Qn ‘Calculated . Measured
; . . ) + \ _ .
$CH, (CF)PE, CF4PF, 156,962 156-9647
| 2 |
CHy(CEPF," . . 152.9893 152.9898
! cu,pr,* 102.9925  102.9922
CL N cH,pF, " 101.9846 101.9846
‘ ' + ! : ,
P . .. . N .
Ciy (CFIPCLy CF,PCl, 204:8757 204.8761
‘ cH, pcl,* 150.9039 150.9034
CF3+- ' ' 68.9952 68.9952
‘ . cu3c1+ 49,9923 49.9924
“ i |
s | _
CHy(CFL)PF,N(CH,),  CHy(CF )P N(CH,)," 197.0393 . 197.0398
CHJPFN(CHy),*  182.0158 182,0155
CH, (CF)PFN(CH,)," " 178.0409 178.0406
CH,(CF,)PF,* .+ 153.9893 153.9890
+ |
CH,PF N(CH,), 128.0441 ;28.d444
CH,PF,NCH,* 112.0128 112.0124
CH3(CF3{PF2(SCH3) 9“2(CF§7?KQ‘SC“3? - 198.9770 198.9764
| CF,PF, (SCH,)* 184.9613 © 184.9608
IS ‘ CHy(CF,)PF(SCH,)" . 180.9864 180.9870
| €H,(CF)P(SCH)®  161.9880  161.9876
. B - o Ve

-

4

A _continued.....



TABLE 5 (continued)

.A .
| 3 -
Co. . CHy (CF, )PF 152.9893 152.9898
\ﬁa ' :
;5« | CH3PF (scu3 130.9896 130.9892
ci,PF,* $102.9925 102.9922

. ! l
\

A reasonable structural formula rather than the molecular
formula is glven for each fragment ion merely for
convenience- 0'f recognltlon.

a7.
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Nevertheless, accurate mass measurement of some of the

higher mass fragments 1nd1cate that these fragments must

arise from the loss of CH

or CF ot SCH,, or dlrectly-

3’ 3 3
bound fluorine'from the appropriate parent molecule.

. Qpeir distribution may be correlated with the relative
ease of the possible bond cleavages.: ’

C. Infrared Spectra,
K

48.

The infrared spectra of the halophosphoranes described -

in this chapter are sdpportivezrather than conclusive

ev1dence of their molecular ground state structures,

prlmarlly;because the number of atoms in the molecule and
the lOW'moLecu&ar symmetry,prov1de a complrcated system \
which in the present study has only been qualltatlvely
analyzed by comparlson with characterlstlc group. asslqn—.
-ments glvenelsewhere.'41 'qpe spectral bands observed
do\suégort.the-preSence of oertai; structural units in
thése-oqmpoundste; The four compounds CHB(CP35PC13f

2

CH, (CF)PF,, CH, (CF)PF, N(CIH ), and CH, (CF, )PF'(SCH ) all
- N -1
absorb in the 1300 cm reglon, 1nd1cat1ve¢c'f a Pp- CH3

(%

101 ’
bond, 0 and in the regions betWeen llOO 1200 cm -1 and
400-520 cm l, whlch are characteristic of P-%F absorption.

" In adéition,'CHB(CF ) PF shows peaks between 820-980 cm -1

3
which are 1nd1cat1ve of P-F V%Br8tlons and 81m11arly the

v

trichlorophosphorane shows peaks between 540-7405cm 1,
the characteristic absorption for a P-Cl bonf in RéPCl3
(‘
¥
L)

{

i >
- .
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compounds . él RPN

l

In the "case of(CH3(&F3)PF2N(CH )., the absorption

3°2

frequency of thc f’—NC2 unit (- 1000 cm—l) is dlfflLult

0 N
to ldLnLlfy olnce it occurs.close to the.abSObptlon o

o

frequency region of théfP—CF3 grduping;'

»

Limited data on, and 1nhcrent weakness of, P-S- C

v1bratlons makeuassxgnment of group frequcncxes arxsxng
from this structu;él‘feature 1n the infrared spectra of -  .
“ ,
3(CF3)PF (SCH ) less certain but the region at 1boutyf
.700_}31'!\-‘l has been assigned to the vibration frequency ”

1

{‘of P"—S—_CH3 grouplng and CH, (Ci ,)PF \SCHj) shOws.bands

3 3, 2
in this région in,agreemenf with' exgectation.

X.

-~
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“a

P

- react veryadifferently,with (CH ) SiOCH

.dlchloro 1ntermed1ate, LH (CF )P(SCH )Cl

.similar internal rearrangement,(or equivalent) involving

Conclusions

The trihalophosphoranes Cii, {CF5)PCL; and CHiy (CF ) PF_
3 (cr )3SLN(CH )2,
and (CH )BSLSCH3 The rcactxons can be ra%;nnallzed by
con51dcr1ng that thc inltlal mctathetlcal substltutlon

4 ST

reactlonﬂot (%ﬂ3$3SlOCH3'and (CH ) épSCH w1th the halo—

y

,“phOSphorgyes is followed by decomp051tlons and subsequent

‘w;npaetidms wlth startlng materials which can be

o f o

unallgatively understood in terms of the rblatlve leaving -

b

grouy characters of the substltucnts on phosphorus The

) w. e

gormatlon of CH3Cl from. tho reactlons of CH (CF )PCl3

3)381OCH3 or

reactlons follow siﬁilar pathways. In addition, the W .

with (CH (CH3)3SJ.SCH3 suggests that both

detectlon of approxxmately equal amounts of- CH (CF )JPC1
"

and QhJSSCH3 among the products of the reactlon of CH (CF )=

'.ECIB Wlth (CH3)3blsc33 1nd1cate a redox reaction {eq III-19)

as an addltlonal decomp051t10n route for the postulated

, 2°
-In contrast, the poorersbeav1ng group character of. OCH3
K&

formatlon of tpe dlsubstltuted product, CH (CF )P(OCH ) F.

‘becomes feasxﬁﬁé The formatron of (CH ) 0 can be

q .
ratlonallzed as a decomposrtlon of the latter by a

a

-

: OCH3 as the moq;onucleophllic"site in the molecule.
' :' 14 . . s ’ . I i Q ik

:;e . . .
ﬂg « n?dv‘; 3 . | . T . % | BRI

e S I e g

and F leadSi&o hlgher stabxllty of CH (CF )P(OCH )F and thel

50.

T
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The aminosilane rYeacted in a straightforward fashion
. v
&,

with CH3(CF3)PC13. The only unusual feature was
the formation of a dlqmonochloroéhOSphorano 'CH3(CF )—gﬂ&ﬁﬁ
PCIIN(CH.), ], in cc ‘to the monosubstltutjxnm 11mlet

3°2°2
orved £ SSTEL 2.9
obberved for ((F3)3IL12 In genpral many

'moro stable compounds were isolated from the CH (CF )PF

[y

system indicating the greater stablllty of the fluorldes
compareg to the chlorldes
The mass spectral behavior of the four methyl(trl—

fluoromethyl)phosphoranes, CH (CF )PClB, CH3(CF3)PF3; S

i, (CF,)P , ‘ ) is similar .
CH4 ( 3,) F2N(CH3)2V ond CH3(CF3)PF2(SCH3) le 51m1{arli£d
reflects~rézative stabilities of the parent ions. With

S / o 9
the exception of CH3(CF3)PF2N(CH3)2, none showed a pament
ion peak. o N ‘ ,

'

_ The bdse hydrolyéis of the methyl(trifluoromethyl)f
' nhosphoranes is rather§1nterest1n%:§n that use of 10%

V
NaOH solution cleaved only the P-X, P-N and p- S'bonds
. ‘ . .'\Wq ."0
vleaVLng CH (CF )PO ions in solutlon More concentrated

2 N

NaOH solutlons cleaved the P~ CFihbond -as well to give

CH3PO3_'lons Thus the LH3(CF3)IO 1ons is stable to mild’

alkaline. conditions but not to very strong alkallne

1
!

conditions.
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CHAPTER FOUR

o SYNTHESIS AND REACTIONS OF SOME

AMINOBIS (TRIFLUOROMETHYI) FLUORO-
PIOSKHORANES | ' | ' )
Acyclic halqgenophosphoﬁancs containing the trifluoro-

and

methyl group. in the series CF J (CF3)2 3 -
(CF ) PXZ where Y = F, Cl or Br,7 122-24,42 haVe been . f;'
1nvpstlgated by various spectroscopic technlques.' Detailed . ’

Sl
nmr studles of various related tr1fluoxomethylphosphoranes

containing substituents such as F, C1, OSl(CH3)3,Q6¢n3,@¢

. : ol S
3 N(CH3)2 bywCavell anpd corworker326—28'42 have 'K{ 3
" 2 R

indicated that each of the halogéng, regardless of its’

SCH

electronegativity, appears to preferentially occupy the

axial position in the trlgonél blpyxamlda%?framework ‘ The

.

ax1al preference rule of Muettertles et. ;I‘E“?whlph stated

that the groups of hlghestuelectronegatlvity ptefefentially

/ : : L
occupy the axial positions must therefore be slightly
modified. ﬁ:smallﬂamount of additional data bearing on

this problem is provxded by the pres;nt study.

In thls chapter the synthesis and chemlcal behav1our -
of the phosphoranes (CF3)2PF_(X)N(CH3)2 (x = F, Cl, o¢ﬂ3) - ]-ﬁ
are described In general the desired‘cohpounds Qere =
prepared dxrettly from either (CFB) PFC1243 or (CF ) PC125:
N(QH3)226a both of which were gyntheSlzed according to

-~
[

published methods. R O

<
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.S:

- (CH,) SlN(CH 5- This apprpach. gave a very low (16%)

yield of (CF ) ,PF N(CH

~ ‘ L .
4 Experimental
., ) ..._.._.._."z‘.w

AL éknthosxa of (cvjlzgg N(Cl})'

Bis(trifluoromethyl)ﬁimethylaminodiflubréphosphorane,q;

3° 27

‘ . : . : .30
(CF3)£PF2N(CH ) was first synthesized by sawin,
by means‘of tha reaction qf'bis(trifluorométhyl)tr}»

5
2.9

luoxophosphoxane with W?N dimethylaminotrimcthylsilané,
’%&
3 3 1

3 2 and the product could not be

properly purified. A better method which qave & nearly
quantitative yield of pure (CF ) PF N(CH 2 was the
fluorination of the correspondlng dichlorophosphorane !
26a

3prepared as reported by Cavell and Poulln

!aIn a typical reaction, (CF ) PCl N(CH ) (1.53 g,

5.40 mmoles) was condcnsed into a reaction tube contain-

ing sublimed SbF The‘tube wasg sealed under vacuum?“

3"
and agitated for several days at room temperature,

after which the voLatiie prdducts were fractionated

-+ ,under vacuum' Pure (CF3)2PF N(CH;), was collected in

the —78°C trap (1. 25 g, 5.00 mmoles, 93%'yield)" The
compound was ldentlfled by its spectroscoplc propertléé ':\
éﬁr, Table“ﬁ nmr, Table 7, mass spectra, ablps 8 and 9)

which corsz;epnded well with the data obtalned by Saw1n.30

p
£

/ . 9]



B. Rcuctlops of KCF3)2PF2N(CH3)2.

,Le\:d)

| (i) Alkaline hydrolysis

Tredtment of (CF,),PF,N(CH;), (0.404 g, 1.61 mmoles) -
with about 0.5 ml of degassed 10% acqueous NaOH solution

yielded CF.H and (C“i’zN” (total mass = 0.143 g) as

19,

3

volatile products. and 1H ninr . spectra of the

nonvolatile materials left in solution indiéatcd th%

presence of F~ 3% CF4 3“ 44

PO

' . + .,
and (LH3)2NH2 Lons.

(1i) Neutral hydrolysis- _ - .

.Trénémenﬁ of (CF3)2PF2N(CH3)2'with water k0.130 g,

0.520 mmole) gave no CF3H. " Instead (cps)zﬁoz__aﬁd‘

I U % :

ICH3)2NH2 ions remained in the hydrolysate as

. 15 19 i ‘

indicated by; H and lgF nmr spgfgtra. Slngle nmr peaks.

correspond‘”’ﬁg to thosé of F~ (g = 120.9 ppm) and Jﬂ‘az-
(4 = 150. ¢ 19"

_ppm) ions were also indicated “in tﬁe
. ; }

. ) - ’
nmr spectrum. - . .

(iii) Réaceiqn w;;h (cu3LBSiocu3
| (CF3)2fﬁ2N(CH3)£ (0.275 g, 1.10 mmoleg)nwgs

;_ ééndeﬁsed onto fCH3)3S%OCg3 (0.133 g' 1.28 mmoles) .
‘ih‘a r;actiop tube.> No reaétion ocCusred either at,
roon éehﬁétatufeﬁbr"upon heating the mixture to,56°c'b
fof several daysgl'ﬂeating the‘mixthre<to 96°C for

14 .

four dhys\resulted in the formation of-transparent l

e el s e e UGN
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!the*only novel'pro

! Slnce no visible reactlon occurred during one week at

: the tube. The volatlle contents of the reactlon vessel

were fractlonated in vacuum yleldxng in the_-45°

crystais on the walls of thé reaction tube. The'o
volatile contents of tne tube were vacuum fractlonated
leaving behind an involatllc solid which was ldentlfied
by means of the l” and 19F nmr spectra of a solutlon
of thlS solid in CD3CN, as a salt mixture contalnlng

(ci, ) N+ (CF )2P0,”, and (cp PF,” 4% jons (total
, 2 2

mass = 0.116 g) plus an unldentlfled fluorine- contalnlng

compound (very broad quartet %‘ = 67.7 ppm, J =12 Hz). " _;
The volatlle ‘fraction (total mase = 0.293 g)~c0ntained
el | Y. \ i
Hy) SiF, (CF, + (CF_)_P(O)N(CH_
(CH,) _Si ( ) PF(OCH3)N(CH3)2 (C‘3)2 (O)N( .3)2
and unreacted (CF ) PF N(Qﬁa)z and (dhj)asiOCH .  Since

'.\;\4'\‘; 3

_' m§f S ) e v
\ &/of thig reaction, %CF3)2PF(OCH3)r

o

N(CH3)2, was obteinedlin better ?feld,from (CF3)2PF-

(Cl)N(CHB)Q'(vide fnﬁrd) no.furpher investigation of

thi§ system was undertaken.

f{iv) Reaction with (CH312§§
3 { . \,'. .
(CF3)2PF2N(CH3) - (0.362 g, 1444*mmoles) was’,

condensed.onto (CH ) ,NH, (0.037 g, 0. 827 mmole).

roomltemperature the reactxon'vesse@ was heafed to

'96°C for: five days, whlch resulted in the formation of ‘

)

some white SOlld whlch was deposited ‘on the walls of

-

fraction, the bulk Gf the product, CF3Plen(CH3)2]é'26b
) o ' l S L
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4]

- a 10 cc reactian‘?ube with (cn3)35iocn
" \

'J | ' | 56.
' |

with a trace amount of’(CFj) P (O)N (CH )2/ some unreacted

)

and an unidentified fluorine-contain-

!(c§3) PF N(CH3 Y
ing compound (a broad doublet, ¢E = 58 ppm, Ioop ~ 80 Hz)
(total mass = 0.031 g‘f. More unréacted (CF3)2PF2N7

(CH3L2 (0.275 g, l.lO.mmoles) was tr?ppéd at -78°cC.
>Thé:l196?C‘fa$ction coﬁsisted of unreacted (CH )2NH and ,
a small amount of CF3H (total mass =(0.040 g) lThe nmr
spectra of a solutlon in CD3CN of the white nonvolatlle .
»solld 1nd1cated that the solid was prlncyﬁ%lly a salt
containing the ions CF P[N(CH3)2]3+ 253, 4“ 45

(approx. mass, 0.044 g) and an' unidentified phosphorus—
\ . ( :

containing compound (a doublet, Ty = 7P58'JP_H = 10.8 Hz).

(CF3 2PF

C: Rcactaons of (CF3LZEC12N1CH3L2;

'

(i) Reaction with jCH3)SiOCH

3

Bls(trlfluoromethyl)d1methylam1nodichlof%bhos-

26a . . -

phorane (0.221 g, 0.777 mmole) wasf condensed into

3 (0.157 g,

1.50 mmolgbiwhich,was then sealed under vacuum and ‘ S

s A’_-;“
Tigv

égitated at room temperature for five daYs. The products

 were identified by 1H, 19 ‘and 31P nmr and ir spectro-
_scopy as (CF3)2P(O)[N(CH ),] (0.157 g, 0.684 mmole),
and cu3Cl (0.0314 g, 0.628 mmole) Some (CH ) O 1n an

approximate 1 1 molar ratlo with CH3C1 plus traces of: (CF )

t |
P(O)OCH3 (Appendix Table 7) and an unldenklfled fluoro- '

[P . "
L . |
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[ ‘ ’ ‘ \
phosphorus com?ound ($p = 71.5 ppm, JR(F'—vl2l Hz) were
" . also detected. A mixture-of (CH3)3SiCl and unreacted -

(CF4) ,PC1,N (CH,) and TCH,) ;SiOCH, (total mass = 0.182 g).

i

3)2
was trapped at ~96° C.

! o

bf’ §ynth051e of (CFBLZPF(Cl)N(CH3L2_

Bis(trifluoromethyl)dimethylahinochlorotluoroe
phosphorane, (CFj)ZPF(Cl)N(CH3);, wa? synthesized by
condensing "(CF3)2PFC12 (0f499 g, l.930,mmoles) with
©(CH}) SiN(CH ), (0.224 g, 1.910mmoles) in a 10 cc
\reactlon ‘tube whlch was sealed under vacuum and allowed

to gradually warm up to room temperature After 7ita-
tion for 24 hours the volatile contents of the tube
were vacuum fractlonate? yielding, as the bulk of the

- product, the desired compound, (CFy ) PF(Cl)N(CH3)2
which was collected in thev-239c trap (0.304.9,

1. 14 mmole) along with small quantities of (CF3)2PC12
N(CH )2 and (CF )2PC13.~ Other products of the reactloag, .
were (CF,),PF, N(CHS)Z) (CF,) 2PN(CH) 5, (CF ) ,PCL and
(CH3) SiCl (obtained .as an unseparated hlxture,

’combined:mass, '0.315 g) ‘The nmy spectra of a solution
of the white involatile solrd-whlch remained in the i
.reaction tube %agprox.rmass, 0.118 g) indicated the
presence of (CH3)5NH2+, two unidehtified phosphorps—'1
Acontaihihg compo:n?s (or'iong) (¢;lé sf.O'ppm,.-

2 ) . ¥ . = H = . .
%@-F 190 Hz,' Jp_p 1475 HZ%; ¢F. 70f3 ppm,

e e U S TP U



\
2 [ 2 ~ ‘ ‘ : . )
Jpp ‘176'Hz,5 Je_p = 14.5 Hz), and at least one‘pther
phdsphorus—containing compound which gave a doublet of

very broad peaks in the proton spectrum,

I

- The . mfrared spectral data for (CF, ) ,PF(CL)N(CH3)
are glven in Table 6, nmr data:in Table 7, and mass
spectral data in Tables 8 and 9.

E.\-Rcactlons of (CF312PF(C1)N(C?3L2;

(* (i) Alkaline hydrolysis B B -
: A

Treatment of (CF, ) ,PF(CL)H(CH,), (0.063 g, 0.234
\
mmole) W1th about 0-¢5 ml of degassed saturated aqueous

NaOH solutlon for sEVeral days gave, as the only volatile

product, CF.H (0.017 g, 0.235 mmole}.i Fluorine-19 and T

3
lH nmr spectra of the hydrolysate showed thevpfesence .

- _ . + N .
of CF3PO3 , P, andi(CH322NH2 ions.

(i1) Neutral hydroly51s |
.(W ' ’

Treatment of (CF})zPF(Cl)N(CH ) (0 130 g, 0.480
mmole) with water ga. . no volatile product. The

Voo
hydrolysate, according to lH and ;gp.nmr spectroscopy,

.I\ + . - \<’ - ¢
contained (CH 9 (CF3)2PQ2 . and probably F

3)NH |
(¢p = 129 2 ppm) ions.p A ‘ L ‘ f

(1ii) Reaction with SbF, o I
\ 1
PF(Cl)N(CH )2 (0. 190 g, 0. 690 mmole) was

condenged into a reaction tube co a1n1ng freshly subllmed
. R '



‘opm,

'deta in Tables .8 andv97

SbF A 70% yield of ?@F3)2PF N(CH ) ko,11§ g, 0.48

o3
mmole) was obtained., The compound was identified by

means of its ir and nmr spectra.

(iv) Reaction with (CHJLBSiOCHS. ' \‘,

(cp3)2pp(c1)u(cné)2 (0.368 g, 1.38 mmole) was

condensed' onto (CH3')3SiO'CH3 (0. 259'9,-2 49 mmole)
i \

in a 10 cc reactlon tube and agltated for one week at
\

room temperature. The volatile products,were vacuum
fractionated.and vielded, as the bulk of the product,

the desired compound, CF, ) PF(O"H N(CH o wh'

trappedﬂ?t -l6°C together thh small amounts of iu 3 2

ks

P (O)N(CH ) and two unldentlfled compounds (¢F = 73.4

2 _ : 2. _ ‘
PF ¢F~‘73 2 ppm, JPF— 64.0 Hz)

(to&al mass = 0.186 g)~ More (CF ) PF(oc# 3)N(CH,) 2

= 110 uz;

was collected at —45°C together w1th some unreacted
(cr3)2v1»,;p(c1)mcu3)2,‘i some (déj)zp(O)N(cnj)z plus a trace
of another unidentified compound (g = 6.27, Jp_g

14.7 Hz) (total mass = 0. 0107 g) whlch showed no 19F:‘

signal ' The fractlon collected at —96°C (0. 311 g) ~

consxsted of unreacted (CH3)3S:LOCH3 and (CH ) SlCl
More of thxs mlxture was trapped at —l96°c w1th CH Cl
apd a trace of (CH. ) SiF  (total mass = 0‘019-g).

The ;rSpectra1deta for (CF3 2PF(OCHB)N(CH:;)z are
givenfthTable 6, hmr data in Table 7, and mas$ spectral

b e T L et L
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" and the ions (CH3)2NH

o

F. . Reactions of (CF3L2P€(OCH3)N(CH312;

B 2
(i) Alkaline hydrolysis

‘(CF ) PF(OCH )N(Cf\13)2 (0.107 g, 0.410 mmole) was
treated for' several days with about 0 5 ml saturated
NaOH soclution, Nmr spectroscopy showed the volatile
products to be a mixrure of CF3H (CH3)2NH, and CH3OH
‘in approx1mately 3\1 1 molar ratio (comblnod n1ss =
~0.043 g) The remalnlng aqueous solut on contained \CH3OH
9 CF3P03‘, F'. nd a t:ace of.
(CF3)2P02— according to' the lH ahd lgF nmr spectra..

(ii) Neutral' hydrolysis

Treatment of (CF3)2PF(OCH )N (CH 52 (0.113 g, 0.431

:mmole) with water yielded (CH ) NH (0. 016 g! 0.356

V(CH )N, and (CF

mmole) as the only volatile product, w1th CH3OH and the
\y

3)2 2’ ions remaining in the aqueous

solution accordlng to 4 and lgF nmr spectra obtalned

on this solution.~ Slngle peaks correspondlng to F~

(¢p' = 129.4 ppm) and HF,” (¢p = 150.0 ppm) were also

evident in the 19? nmr spectrum of the aqueous solution.

oo

Results and Discussion = '@
IS - R -

A. Synthesis and Reactions.

D1methy1am1nobls(trlfluoromethyl)dlfluorophosphorane,

X
(CF ) PF N(CH ) , reacted w1th (CH3) SlOCH3 and " (CH, T}NH

4

60.



as = antisymmetric, ? =-a highly tentative assignment.
. _ _ S e

Y e )1
RN

- N e
- . P, 1

N i ":\ .{.‘
) Q !
o 6).
\ 1
TABLE 6
Infrared Spectral Data for(CF3)2PFXN(_CH3)'2a
X =F X = Cl X = OCHj A551gnmentb
| !
2951 w 3470 w 3014 - v .
© 2922 w 2960 m 2966 m _
2883 w 2880 'w 2924 vw Yooy
2831 W 2840 w - ‘
. ) - : p .
© 1471 w 1475 w 1466 w ,}
1381 w 1460 w , e - o_ CH
- 1410 w - as 3
1311 m: 1290 w 1296 w } o CH
1211 w 1200 m ‘ 1284 s sym~ 3
1161 s 1180 s 1186 s v
. -~ o - Loy 1171 s } PNCZ
1066 s . :° 1155 s 1136 s Voops
1026 s 1060 vw 1111 m Y : :
: 1005 m 1076 m "POC (X=0CH,) - ’
' . 1014 m (?) '
1)
\ , .
837 s 890 m . 896 w \
- 780 m 850 vw | 846 m p-F’
731 m 825 vw 8ll m Vp.n’
- 800 vw 769 w
P 765 m 766 W 0,sCFq(?)
- 730 s 745 m as™ 3%,
- 712 m. 696 s )
6ll s, © 610 m 684 m | .
537 vw._ 540 616 w 27 0_. CF,(?)'
- . = 583 w sym™ 35
‘ S ' : : H ; |
494 w - 501 w } o }
. 420 w : - - A P-CF 4 |
2 Gas, phase spectra and all values in'cm-l.q s = strong,
m = ‘medium, w = weak - ‘ »
b These assignments are tentatlve and based malnly on ‘/ i
available data on related compounds, as in re 103.
v = stretching, o = deformation, .sym = symmet 1c, .// -
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| S TABLE 9 ‘ ‘
TABLE 3 | ,
"‘ ! o 1
. o { :
Mass Measurement Data for Amjnobis (trifluoromethyl) -
fluorophosphoranes By \
ATl e
{ %
3 N - ! / . |
. o a o m/e )
?ompound_ o { Ton " " Calculated = Measured .
1 . ~ b :
| C(CFLY.t + .. 0] | i

(CF,),PF,N(CHy), Z#ﬂCF3)zq€2N(CH3)2- 25110110 251.0104 Y .

' ot : + . 4

uj;;KcF3)2PFN(CH3)2 232.0126 232.0134
o (cF.) pr,* . 206.9610  206.9605
: ¢ ) . + ) ] . -
| CF3PF2Nﬁ9H3)2 ©182.0158 182:0162 o
|  c,cH,NeF,* 150.0096 ~ i ,150.00937"
. . i » s . . ¥ ) . ' B s .
. . . . e 3% 'y ! 2 Sy -/ X S
. o *gg‘?n (cué)ZNPFa*: 132.0190- »Lﬁz:014§“~ . :
. ' % ‘ L] ~ . ( . » ) Aw‘ B , \.' .

) >U

‘ s )+ : SRR
(CFy)PRELNGH;), “FRER,) RF(CNGCH,),®  264.9658  264.9658 -
o L . . e ) ) T j’ N o - L
g 5 (9F3)2PQ1N(QH3)2 ‘247.983} - 247..9839
N o f(cp3)2PFN(CHj)2+’ 232.0126 . 232.0125 RO
- (cy3)£bsc1+ ©222.9315 232.9323
ce ot :
T CR PR, (CLINGHy), Y 1 T 216.9847 - 216.9843
5’ f : A R " :’- o . . . -
| T Jzﬁi?r3z;5§%\ . 2039331 g 203932
X CCRSPFCLINGGH),Y  .197.9863 ©  197.9860
‘ N .
I ' : . ' . - . e
.(CF3)2P(OCH§)N(CH3)2+'-244.0326. . 24450292
. , A‘ . *’ ) . : ’,/
.(CF3)2P(0)N(CH3)2*. 229.0091 ~ 229.0078
CF.PF(OCH,)N(CH,),"  194.0358 [ 194.0347 oy
CEP(ON(CH). Y 160.0139 . 160.0120 - .-
. Vool : s "y
F,P(OCH)N(CH,) ' 144.0390 144.0387 :
RS . L. N
TP(OIN(CH,),* 110.0139 110.0176 - -
Rt - 68.9706 . 68.9708
‘ . . . ( ’ ‘l .-' | k"’
R . P BT . }
= \[ ] ‘ .{44 a—.)\' >g - \
- . M » R (UW A L



Footnote for Table

A

9

.

A reasonable strgctural formula rather than the molecular

formula is ' given

for each fragment ion mercly for

‘convenience of recognition. .
o

71.
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"even then prolonged

: ‘1  only at elevated temperatures,

‘ , e b ! :
" reaction periods_were_;equired to éffect a reaction.

| This,react%vity contrasts sharply with,thap,éf_the

(\ l"
““r - dichlorophosphorane (CF3)2PC12N(CH3)2, which redcted
 with eit s foen. 262
with CLthet‘(CH3)3SlOCH3 or (C"3J2N“J Both | '
dihélggcndphbsphoranes however, appeared to initially L L
A2 react Qith metathetical substitution of ohe{ﬁaiogen‘ £

with a methoxy group. I : ' B} - S ; b

' (CF:'B)21’)(2N(CH3)2 + (CH3)‘3SIOCH3 —C—.

L <. | ' . - (Iv-1)

\

i

(CR3)PROCH;IN(CH,), + (CHy) y$ix

A The’ methoﬁcy— \gyted chl ophosphorane (CFﬁ o o

: PCl(OCH )N(CH3)2, wa&' not ‘detected probably becauﬂe o

\
-

X = c1, F.

the CH3C1 elimination reaction,

: ! ) . : \
(QF3)‘2PC1 (OC‘XI'.I3')‘§ (CHJ) 2 —-f——-*“CH3Cl + .

e e ‘:
| T, ;o (vcpﬁ{j\pgo)gg%)? | )
and/or the substitution of a second methoxy droup: .
| _ [ (cF;),PCl (OCH3)N(CHy) 5] + ‘(cxi3)3s;oca3 —_— o )
. - ' . s N ' C . (Iv-3)
4 ' N " ® . ) )
_ - A ";@ I(CF3)2P(OCH3)2N(CH )2] + (ca ). 1<_:1 \- :
. 7 b » - . ) . . -

-

occurred to6 readily: The formation of apparently equal .- .

amounts of CH3C1 and (CH3)20h'the'latter presuﬁably from
. L . " - \ ’,‘At\



,?éégfrl i \ 2 . ‘
AR -
%he decomposxtion of the bls(methoxy)phosphorane,
. \
: ) . ) \ o .
‘(CF3)2P(OCH3)2N(VCH3){"—'——“(CF3)ZP(O)N(CH3)2
\ .
T+v(cu3xzo
\ - ' ) .
suggested that the second methoxy substltutlon reactlon
(eq IV-3) was competltlve with the elim1 Ation of CH,€1 . -
“(eq IV 2). The absence of detectable amounts of o e
(CF3)2P(OQH3)2N(CH3)2 1n_the prog?cte gpuid seem to,
1nd1cate-thatlellm}naplon {eq IVtﬁ?Eﬁf XCB3)29 wag ?1ke~\

'wise very facile. e o +$
with (CH,~QSLOCH3 .

«l»\

v )
v A .

evidenced by the presence of (CF3)2P02 d'(CH3)4N ion$t@

» That the dxsubst5

occurred wrth the dlf uor?phoébhéraﬂa

,“in the solid. products of these reactxoﬁs These ions ‘

Y

W

. R A
‘may be accoupted for by the_followlngjsquggsf of’ o

equations: } o R A .

(eF )2PF(Q%S3)N(CH ) o f‘(CH3)3SiOCH§ﬁf —

73,

)

N . > (IV=5),

o [(CF ) P(OCH ) N(CH % ]+ (ca ) SiF s

. - . ! - .
. . . ] . . .

I(Cﬁa)zp‘OC”a)zN(cﬁa)zl'“"*Tf“i(CF3)2P°2 e
T ' ey e B A o : . ‘I\‘,'G)
“ . o o o« : ‘ > o e i b

Y \ [

Reaction, IV—6 might reasonably 1nvolve the formation = e

.of\tr;methylamlne'asAan'lntermedlate. Abstraction‘of an

'
.

.
—_ §
. .

‘l‘N
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\ \

alkyi group by (CH ) N from esters or thioesters of

bls(trlfluoromethyl)phosphlne oxides has been demonstrated

elsewhere.46 « R ‘ } ‘ )

\ The formation of the hexacoordinate phosphorus anion

. . 1 ) . A [
(CF,),PF,” \in the reaction of (CF3)2PF N(CH,), and - ﬁ
(CH )asidcﬁ3'ls most llkely accounted for by a dlspropor~“ . o

tlopatlon reaction of (CF PF N(CH ) rathervthen from

3) 2PF,
reactions w1th the silyl ether 6eq v-7).

\ P . [ 3

\ - - ~

N ; roe +_ . " -
2‘(CF3)2PF2-N.\(CH3).‘I2—'——->(CF ) P'[lfl(cn3)212 + x

o B e ¢ Lo (Iv=T)
b L - (R PPF L T ;
:-«r"' -ﬂ‘M’, ol T - o
ATQg former reactxon appears reasonable even though
deflnlte 18ent1f1cation of ascatlon squ as OQFa 2 | . $£
P[N(CH ) ]2 was not obtalned and the complexxtp Qf the\ ' ﬁv
solld products dlscouraged further 1nvest1gatlon.‘aThis _'o_%yl
interpretatlon is supported by - the det%ctlon of o - .}u R
this same anlon in the réaction of (CF3)2PF N(CH ) f, \’ \ .
'(Cﬂaj NH. JA dlsproportdoﬁation reactlon sim;lar to Ivd7yﬂig ‘f:{‘
_has been réported to occur ‘with C6 SPF N(CH3)2 38 : {f‘.‘ 2 d
. 'The reactldn ,of (CF ) PF N(CH ) w1th (CH3)2 '
'o;relleled those reported for related halogenophosphoranes
-containlng at least ‘two trifluoromethyl groups 26a _The
’ pr1nc1pal reactlon was the replacement of a. CF3\group by
“N(CH ) ? 7 - ;ﬁ ' t'K T _;’ : . : .‘_~vl”h:/
P o | | ‘ S h‘
(CF3)2 F N(CH ) + (CH )2N§{ CF PF [N(?H:’)z]’\? (IV-B,) i

\ "
» R ﬁ + CF3R

[N . . |
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As before, the\(OF3)2 " ion in the system presum- -

4
ably arises from the drsproportionatidn of (CF3)2PF2‘

“ \
i

i . ‘ ) " L] : », 5 +
N(CH3)2., The phosphonlum ion CF3P{N(CH3)_2J3 was a;sc

iden:@fied-amongxthe products, and.was-formed most

likely from a reaction between CE3PF2[N(CH Vo1, " and-

‘d(CH3f2NH (eq Iv-9), although a. fluoride ion transfer

/ reactionscould also ‘pur (eq-Iv-10).

e CF3PF2[NTG35)2127+.(CHaijH—f————~CF PLN(CH3)2]3,§ S
Yy L e ) . J (IV-9)
.-":' i‘ ) o : N " g :& ’ * 2 ) ’ . :‘. }]F ‘ /_/ .
PR L o8

. CF4PF, [N(CHy) , 1, +,(¢F3>2Ppbu(ch3)2‘ - .

'Y . - - \ . . (Iv_lﬂva’

' o R o =y
CF;?FF(CH3)2]3 + (CF3)29F4 E

ﬁ?evidﬁg s£udie§$*ihave 1nd1cated that the CF3-
) J,-. e

. R[N(CH )2]3 10% 15 very stable,and readlly detected

1 [ 4 ]

1 by eq IV—B we; not equal to that of CF3PF [N(CH )‘ﬁ

The reactldn is undoubtedly not. stralghtforward, some

’ rearrangement and sdlt formatlon occurred as well as the

vprlnc1pal substxtutlon ' Thls system~was not extenszvely

Ay

evaluated because ‘the reactlon was nq; complete under
/-, . k tbe,condltlcns—é%ployed;and:the re;at;ve%y severe -
L reactioﬁ ceﬁdré;oas whicﬁfuouidebe:reéuired to ensure '
.‘\ucompleﬁiBK\équld also induce CFZ {min
y . \ N

.

\ :

because df\i:j resxstance to hydrblysis. B f' f'” ‘\; b -
» . -
. The observed - yield of CF H in the reactlon descrlbed :

elrhlnation and produce RN
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: g7 C

a fur;herfcomplex ser%ps*of'products. . s

Among the 1dent1f1able side products in the
synthe51s of (CF3)2PF(C1)N(CH )2 from the am1n081lane,_.
‘(CH ) SlN(CH3)2,and (¢F3)2PFC12 Yefe (CH3)3SlCl,
(CF3)2PN(CH3)2, (CF3)2PF N(CH ) (CF ) PCl N(CH )5

(CF,),PCl énd‘(CH ions. The 1n;t1al metathetlcal

3N,
substltutlon reaction, (eq(IV ll) was pxobably accompanled

by substltutlon reactlon of rearrangement produots of .
N‘ Vo .

'the sta)rtfﬂ@materlal (eq IV 12) 1ead1ng $o the dlfluoro-‘
. .

éand dlq rophosphorane (eqs I¥—13 14).
\ g I

S (cp ) PFCl + (Cﬂg) S*N(CH ) ;v———~>(CF ) PF(C1)~

2

76.

-\‘). C‘ — "\ . ’ . s (Iv‘%ll)

. i
I, .

. oSN (CH3) 5+ (g;?a) jSicr
‘ -@ e o “' ¢ %‘3 . : . v _
' . 0. )

LA o ,,1.'
. J

(cp ) pF2c1—~+ (CH3)3SiN(CH )-—-——-—(qF bg-z_lj(pi{*)

R - TN o e (Iv 13)
T (CH’ Jsicr )
- :‘ . . ) . A a RV )

£l

32

. g{CF302?C13 + - (Cﬁ3)3SLN(CH ) ———:;—>(¢F3)2§Cl N(C

A

“a

By
|

of (CF )2PFC12 to rearrange (eq Iv-lz) 43~The Z;ﬁsenCe v'.$

of 91gn1f1cant amdunts of (CF ) PN(CH3) and ( PCl ;"@'

2. 3)2
is - rather dlfflcult to ratlonalize sincgﬁhg oxld;zed

' (IV~l4f’

@,

Cl -+ (CE‘Z) pc1 2;&,'- (Tv-12)-

¥ \‘J.;:j_v ,

RS



products were detected in the sySgem. One possible

mechanism that can account for these products is a

disproportionation reaction of (CF3)2PC13 similar to

that -reported for the bromo analog.48 ' i

. ' » - y l _
2(CF,) ,PCl,———=2CF,Cl + PCl, + (CF,),PCl (IV-15)

followed by substitution of the phosphine:
. ‘ . N
, . ‘ A
| (CF3)2PC1 (CH3)3$1N(CH3)2———> (CF3)2PN(CH3)2‘ ‘
. | (IV-16)
f+ (CH3)351C1

Y

These reactioes are consistent with the QbServation
of a greater"quaﬁt}ty of-(CFé)QPﬁ(qﬁs)z than (CF3)ZPC1.
quéVéE, since CF3Ci‘was nat detected in the nmr
spec;rum‘oé the pfodupts,~this ieaction pathway can oniy
be consébered as speculative. |

& v

The formation of N (CH )2 2 ions cannot be explained
either unless one considers the p0551b111ty of' traces .
of moisture being present in -the reactlon tube.

The observat;on that (CF3)2PF(F’H3)N(CH3)2,and not
-(CF') PCl(OCH )N(CH_)Z;is forﬁed as the principal product
in the reaction between (CF )ZPF(Cl)N(CH3)2 and
(C 3 3 OCH3 demonstrated once again the greater lability
of the P—Cl_reiative to the P-F bond. However, the -
{ presenpq of emall amouﬁts og (CF3)2P(O)N(CH3)2: (CH ) SlF

and CH3C1 suggested that substitution of the fluorine



“

ligand with the methoxy group (eq. IV-14) also-occurred,
’

(CF3)2PF(C1)N(CH3)2 + (CH3)3SiocH3——————-
' : ‘ ) (IV-17)
((CF3)z?c1(OCH3)N(CH3)2]+ (CH3)351C1

albeit at a much slower -ate thar the substitution of. (

the chloride, and was focllowed b the fast elimination

of CH,Cl (eq IV-2). The formation of_unidghﬁﬁfiable

3

phosphorus—fluorine‘compounds clearly indicates that

the reactions are not as simple as described in the

above equations,and that complex processes occur in

" “addition to these simple substitution-elimination

[
[}

reactions.
The hydrolytic reactions of the dimethylaminobis-
(trifluoromethyl)fLuorophosphoranes can be summariied

%

in the following equations:

| \
. . -
3(CF3)2PF(X)F(CH3)2 + 6H20——*-——>3(CF3)2P02
: (IV-18)
: + - - - + :
+ 3(CH3)2NH2 + HF, f 3Xx + F + 5H
(CFB)ZPF(X)N(CH3)2~+,30H ————————CF3PO3 + CF3H
, (Iv-19)
+ .- -
| o &
where X is chlorine or fluorinw
3(CF3)2PF(OCH3)N(CHB)2 +‘6H20——————>3(CF3)2P02'
: ' ‘ (Iv-20)
+ 3(CH3) NH,* + HF” 4F + 3CH,0H + on*

-



’_\‘.

B. Mass Spectra,

79.

»
(CF3)2PF(OCH3)N(CH3)2 + 30H ‘—_-_.cp3903 | |
. - : X o . | (Iv-21)
‘ +.CF3H + (CHB)ZNH +F ¢ CH3OH

~-

This behavior is in accord with previous work on
\.r\_’ o : . .

trifluoromethylphosphoranes.wherein the CF3 groups are

‘hot removed by neutral hydroly51s and the product of alka-

line hydrolys:s is the'ion CF_PO w1th (n-1) moles of

3 3
CF3H,where n is the number of CF3 groups.3’44 These

reactions are often used for analytical characteriza-

tion of these compounds.

-

Of the'three bis(trifluoromethyl)halopnosphoranes
reported in thls chapter,only (CF3)2PF N(CH3)2'shoded rp
; peak due to the parent lon (calculated: m/e 251. 0110,
measured: m/e 251 0119) with an abundance of 1. 2% relatlve

to the most 1ntense peak which appears to arise from:

the loss of one CF, group. The detection of the parent

3

- ion peak in the mass spectra of this phosphorane is

unusual although not without precedence,40 . since sucn
peaks are generally absent in the mass spectra of
pentacoordlnated phosphorus cOmpounds.

Although the parent ion peaks were not observed
in the mass spectra of (CF312PF(C1)N(CH3)2 an

(CF3)2PF(OCH31N(CH3)2,“accurate mass measurements of



the larger mass fragments (Table 9) strongly suggest that

these fragments arlse from the 1nd1cated molecular'

comp051tlon through loss of CF3 or N(CHB)2 from . }

(CF ) PF(Cl)N(CH3)2, or CF OCHB, or N(CH3)2 from

3’
(CF3) ,PF (OCH3)N(CH,) , .
The intensrty’eistribution 6f the -ions in the mass
o ,

spectra of all the three compounds suggest that the
- major fragmentation processes involve cléayage of P-C,

P-0, and P-N rather than P-F bonds.

C. Infrared Speqtra. . - S

The complex1ty and: low symmetry of these phosphoranes
'preclude deflnltlve assxgnments of thelr 1nfrared bands.
However, the infrared spectra deflnltely support the
'presence of certain structural unlts 'in the compounds
(e.g., C-0-P band at 1076 em™ in the case of (CFy) =
PF(OCH )N(CH ) ). Exten81ve mixing of vibrational modes -
i espec1ally in the regxon from 700-780 cm -1 (i.e., where
bands due to CF3 deformatlon, P-F and P—-N stretches

are expected) renders spectral band a551gnments

.uncertaln.

80.
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@ .

The reactlons of (CF3)2PF2g(¢H3)2, %CGB) PClZN(CHB)i

and (CF3)2PFC1N(CH3)2 w1th (CH3)381OCh -Sharply ,;,M_c_,l

3
demgnstrate the greater 1ab111ty of the P-Cl1 bond

relatlve to P-F bond The reactlon of the dlfluorophos—
_phorane took place only at elevated temperatures and J
£l o ! ,

prolonged reactlon perlod and was 1ncomplete even under

these relatively v1gorous conditions, whereas the reactlon

. of: chlorophosphoranes was complete within 24 hours at room

I

temperature. Further, the mono(methoxy)fluorophosphorane '

(CF3) PF(OCH )N(CH ) was- 1solable and stable ,up, to
about 70°C. In .ontrast the only evidence for.n
(CF3)2PCl(OCH YN(CH )2 were the decomp081tlon products
(CF )ZP(O)N(CH3)2$and CH Cl, which most llkely arise:

from the cleavage of P-Cl and 0-C bonds in (CF ) pcl-

’

(OCH )N(CH3)2 .

The hydrolytic behavior of the three’bis(trifluoro-_

]

methyl)phosphoranes is consonant with that of

tr1fluoromethylphosphoranes prevlously 1nvestlgated in .

-

.that basic hydroly51s cleaves all but One P-CF3 bond

and neutralvhydrolys1s does not cleave any.

I

L1kew1se, the mass spectral behavior of these

three bls(trlfluoromethyl)phosphoranes is . typlcal of
penblboordlnate phosphorus compounds except for (CF ) PFZ

N(CH )2,wh1ch gave a parent 1on.‘ ‘ L

I3
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.

‘ThHe stability of (CF,),

by the rather vigorous\conditioﬁs required for it to undergo

§F2N(CH3)2 was demonstrated

’

any reaqpion, exemplified by the reaction ' . N
a’ With‘(CH3i3SiOCHv,‘or_its rearrahgement to the tetrahedral and

. o . . b , ‘ ; w
"=+ hexacoordinated-ions, both of which processes occurred only

at elevated temperathres after prolonged periods of time.
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CHAPTER FIVE T : '.

NMR DATA AND STRUCTURAL INFERENCES ON

PENTACOORDINATE.PHOSPhORUS COMPOUNDS

* Interpretation of 31P Aand 19? Nuclear Maqnétic

Resonance Spectrosco Y.
1

»

, In contrast to "H nmr theory, the theory of the orlgln

of chemicalt shifts and spin—spin couplings for.both 31? and

;QF_nuclei;is less well developed because of the greater N
complexity of the electronic configuration,o% these g
'nuclei.“g'56 _ . -
A ““., [ 4 31 . : . |

To a firstfapproximation, 'P chemical shifts are
independent: of the overall charge of the molecule? »38 but_
are strongly dependént on’' the’ number and klnd of atoms
directly attached to the phosphorusqpucleus. Trlply-
eoordinated phosbhorUs compounds are fn general less

- shielded than the more highly coordlnated phosphorus
'compounds. In addltlon the range of chemical Shlft values
' encdhpaséedyby the former rf much larger thanlthat of the
latter. It ié'further notable_that indirect spin4spin'>'
coupling involving phoéohorus doea‘not.generally decreasé

monotonically with increasing internuclear distance, and

many:cases are known im which the' addition ‘of an additional

brldglng atom between the coupled nuclel does npt greatly

alter the magnltude of the. observed coupling constant.
[

A .5
Gutowsky and MccCall 0 attributed the lower shielding

of triply-coordinated phosphorus to the fact that this

. ?



84.

system posSesses fewer valence electrons than the more &
, : . ) .

highly coordinated derivatives. Thd wide range of triply-

' coordinated phosphorus chemical shifts (~500 ppm) was

58

ascribed by van Wazer and Letcher to the greater varia- .

tion of bond hybfidization and bond angles possibie
within' this coordination; for' example, they associated

" this variation to the rauge of hybridization types

exhibited by trivalent phosphorus from nearly "pure“ p{

"< in PH, to Sp3 in pp3,52" . . R .

Tetracoordinated phosphorus shows a range'of'chemical‘

¢

shifts which is less than half that observed'fdr\phos—

‘ phines.sg_ Attempts have'been[made to explain the obsetved

shieldiné-in'terms of bond anq1es, electronegativity;.

“and n- bondlng contrlbutlons,but adequate lnterreiatlonshlps

~have not yet been establlshed. | |
Penta- and hexacoordlnate«phosphoruS~compouuds show

an even smaller range of cuemical shifts. This is in

accord with.the assoc}atiou of the chemical.shift range

with‘variations.in,bond hybridization and bond angles,

because such variations would be mlnlmal in the more

hlghly coordlnated phosphorus compounds. . Coe ~

Interpretatlon of the w1de range of 19F chemicaL
shifts and indirect spln-spln coupllng constants in l?

spectra are based oA the suggestlon that the electron

"9
sp1n orbital and orb1tal-orb1ta1 interaction, 1nvolved in-

the coupllng interaction become more effectlve in atoms
_ N -
_ , )
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.substltuted fluoroethanes showed that such‘hbsimple

! )
.

56

with occupied p- or d-orﬁitais. ~..galculations by

52

Pople™|" of the F-F and F—% coupling constants indicated

that electron—orbltal interaction, although apprec1aple,

is 'not the domlnant factor nd that 19F nuclear spin:

!

couplings a¥e not controlle solely' by the Fermi contact
term. .

| - 19 N
A rather unusual feature\of F spin- spln coupllng

is the magnltude,of the long- ringe coupllng constants.

Many long-range F-F coupllng coﬁs;ants have been reported

~ to bé greater than the short—rarge coupling lnteractlon._

An examﬁ;e is proyided.by’(CF3)2NCF2CF3 where>the CFZ

_ fluorines have a $maller coupling constant with the

fluorines of the adfacent CF3 gﬁoup (J <1 Hz) than with

the fluorines of the more'remote~(CF3YéN group (J =16

bonds.

These' observations have led tol the }uggestlon that

l9F nuclear coupllng lntéractlon proceeds via a through-

Space mechanlsm.s3 HQwever, the work of Ev,anssg‘on

‘correlatlon between COupllng behav1or and 1nternuclear

dlstance would not exisk 1f"\ie different relatlve signs
£ varlous 19F coup11 g constants were. taken into’account.

R . ! 1 . . s as
The interpretation of gF chemical shift variation
i { ’ N -

l%kewise in an impeﬁfect state but some progress has

| . .
i . : : Q

85.
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been made in‘simple molecules. A theoretlcal ana1y518

3 ""L’(_," ‘/"
>1 of at&ﬁlc contrlbutlohs to observed
;0 4

e

‘by:Saika and Slichter

19F magnetic resonplce of::f:“f‘\"

o A

Dy P? predlcted
it ‘ j :
chemical shlfts in. goodfqahtmt tjg}ve agreement with
S T
‘ =al»prlgln of F chemical

observed datg f>The pr

~ 1

shifts was att;;gﬁteﬂ to tﬁé variation in the second

\

/

| ‘4, L

order paramagnetlc term in Ramsay s equatlon60 for nuclear

i

shleldlng (eq V-1), ) ° ' R ¢

dia para \ deloc
AA + OAA + E Sap + 9 (V-1) -
‘ % B*A

dia . o L. . i .
where Oap 18 @ term arising from induced diamagnetic
‘ Py .

currents on atom A and whose magnitude depends on the

L : : ara
electron density around nucleus A, © iA ~is the contrlbu—

tlon of 1nduced paramagnetic current on A and is a -

“consequence of the mixing of ground and excited states

by the applied magnetic field, "and AR and Gieloc are S

contributions afising from-local induced currents of all -, ‘

atoms other than A and the-magnitude of the terms depend

. on the nature of these atoms and thelr dlsqance from A.

61 \
‘Pople = has shown: téat oggra is equal/to zero if o
"the electrons on A are in S states. Iniother words, the'

: | .
magnltude of the effect of the paramagnétic term on lgF

v

chem1cal shlfts is dependent on the degreé of covalency™
/

of the bond. Additional support has beeq provided by

, j .-
more recent investigations.49';54-56 Variations in'lgF SRR

chemical shifts therefore, are generallyfthought to
. / L
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'

reflect variations in the paramdgnetic rather than the

Lamb diamagnetic term. \

¢

Pentacoordinate Phosphorus Compounds: Stereochemical

-

Studies and Bonding' Theories.

A. .‘Stereochemical Studies.

Two common pentacoordinate structures can be

visualized: the trigonal bipyramid and the square
: , :

investigated to date by X-ray and %fectron diffraction -
studies have been'assigned a trigonalgbypyramidal ground

13,15-17

state geometry. Vibrational studies of simple

molecules have supported the trigonal bipyramidal
framework.la_25 The only phdsphoranes'for which a square

pyramidal structure has been established are the 1,3,2-

dioxaphqsphoranest (Fig. v-1) both of which invofye'

H CHy
, ! \ “
---- CH,4
! ) ,’RII L]
HC—1——P
| CFy
CHy CF .
0 /2 --~CF,
“----CFy

., R’=H, R™: p-Br.CcH,
R ‘CIS'CH3 R .R = p-Br-“CGH‘,'

Figuge V-1

. pyramid. Most of the pentacoordinate phosphorus compounds

g7®
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bidentate chelating iigaﬂds.

In 1963 Mdettertiesfct. at.’ proposed an "electro-
negativity rule" governing positional site preferences
in trigonal bipyfamidal phosphoranes.b Stated simply,
the "elect;onegativity rule” postulates that axial

~

positions in a trigonal bipyramid are preferentialiy

occupied by the ligands with greatest electronegativity.
. -4 N
"Exceptional behavior was attributed to steric strain.

¢

) [N
In the past five yearéThowever, it has become clear that

trifluoromethylhalogenophosphoranes of the type (CF3)5-m—n_

PXth (X = F, C1; Y'= -0S1i (CH —OCHB, —SCHl' -N(CH3)2)

33
do not obey this simple rule. The CF3'group appears

to exhibit a lower apicophilicity than expected from its

. ' &
electronegativity value which is intermediaté between™
that of F and C1.26—28 Especially clear examples of

P !

this:anomaly were provided by variable-éemperature nmrJ
spectroscopic studies of those compounds where both *Cl
and CF, were present aSudirect;y-Boﬁnd ligands to

3
phosphorus.263'27'28a

in these compounds chlorine, with
an electroneggtiviéysof 3.16, appeared to possess a |
stronger preference for the_aiial position than the »
trifluoromethyl group with an,eiectronegativity of 3.46.27‘
It was pr0posed27 that the Hammett-Taft parameter o; may
‘brovidezé'better gauge for aéicopﬁilicity tﬁan'electro-‘

negativity.

" 88.
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Analysis of the spectroscopic data further indicated
that 2JP_F was a more reliable26a indicator of the stenqyﬂg .
“chemical position of the QFS in thPSe phosphoranes

(which'WQre assumed to have a consxstcnt :rxqonal b1—

pyramidal ground state gcometry) than chcpical §hift vatues

used PrEV10051Y-4 Apical 2Jp_F values aré -gencrally ?fa
. OB , b

smaller (<100 Hz) than equétorial JP-F (~100 Hz) values.

It must be recognized/however} that 2JP;F values will be.

v

determined by the total electronic nature of the molecule'

4 . J

and hence the absolute values cannot bq rellably uSed L

‘ .

as the indicator of substituent locationy 1ndeed-only

relative Qalues within a mqlecﬁle can'bg‘reliASiy used. ‘
Recently;in this laBOtatOrj,i; hagbbgén shown thdt {@P—C e
of CF3 phosphbrqnes correlate$ with 23?-? values?# |
enhancing the basis for the use of zéP-F; values as f
stereothemigal fndicators. ’ f : 2

t

B. Theogy of Bondlng of Pentacoordlnate Phosphoru

]

The literature is replete with appllcatLOHS °f modern

3

bonding theo;les to pentacoordinate phosphorqs cqmpounds. .

i : P A
covering the whole spectrum of approaches.from ab initio .

molecular orbital t:heor:y“-67 to a.tationale,based on

’ . a b . ’ . . . .
pure electrostat1cs.9 ’ Several‘ab initto molecuylar

. orbital calculatlons of varylng sophlstlcatxon have been

?

reported recently.“-G7 employxng small to medxum Size ° ‘f 3 ~

basis sets of Gaussian functlons, The main po%ﬂ@s

v ie 2 :
.. - L R ‘
”\‘,.J“ . . B i Lo B 3 \ y

~

A
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discussed are (1): the role and importance of phosphorus

X

d-orbital participation in the bonding,(Z) quantitative - ‘
. . ]

difference in bondingfbetween axial and equatorial bonds,

and (3) the contribution of prn-dn interactions to the

bondihé.
Any bonding theory of trigonal bipyramidal phosphoranes
must abcounp.fop the following experimental observations:
(1) non-equivalence of the axial and equato;ial positions
and the ramifications of this non-equivalence and
(2)'tﬁi/ségreochehical preferences of the different
' substituents in the trigonal bipyramidal frame§ork.' .

od , .
" Muetterties, Mahler, and Schmutzler7 suggested that theilr

®lectronegativity rulé" arises from the greater s-orbital

~

character which is contained in the equatorial phosphorus
hybrid“orbitals. This in turn leads. to greater overlap

with the mdfe;electropositive ligands which therefqre

5 (,\

preferentially occupy the equatorial plane. The most

electronegative substituents‘then occupy the axial posi-

e

~ion as a result of stronger preferences of #lectro-
. ~

- .~
~

positive substituents for the ejuatorial sites. Extensive.

r-cionaliiatiOﬂ\df much~chemical behavior-at an empirical, .
qualitative leGelgHES\peenﬂachieve&_by4Bent68 using the
o i

concept that s—arbital character of an atom conéég}fates‘

— ~. - ’ . \\\.

S~ L S
towards the electropositive substituents. . ~
. . : N ~ ~ s v\ -

L

‘18 ~19. N
Holmes ~ analyzed the %g?\shsmlcal shifts of a series
- ~ \\ ‘\
of chlorofluorophosphoranes PFnC 5_;“an§ suggested that

[+4 ) - . . : 8 ’ LN



dn-pn bonding provided the critical factor in the bonding

and, stereochemistry of Ehese‘compounds. Subsequent
. , .

1nvestlgatlons based on orbltal overlap population analysis

have since shown Holmes conclusions to be in error.lz’70

The VSEPR theory originated by Sldgwigi and Po&ell and
popularlzed by Gillespie and Nyholm,9 a.b rationalizes

’the principal features of the bonding in trigonal bipyra-

' midal structures by attributing the diffé;ence in bond
lengths in sz oompounds solely to electrostatic repulsion
of bondxng electron pairs in the valence shell of these
compounds. The inequivalence of axial and equatorial bonds
;is therefore.a consequence of molecular symmetﬁy, with the
. electrostatic imbalance leadlng to the lengthening of the

axial bonds. ToeexpNain the %eemlngly dgreater

}
apicophilicity of elect

nedative ligands, it is necessary

to assume that,in a bond to a more electronegative

substituent the bonding electron density is held closer to

u

hthe ligand, whereas in a bond to an electropositive
substituent this electron‘density concentrates close to
\ e . ; .
the central a%om. 'Hence, as the electronegatiﬁity of the
ligand inoreases, the amount of repulsive interaction
between the bonding orbital and'neighboring orbitals
decreases: Optimization of thlS reductlon in 1nterelec-
'tronlc repu151on is achieved by plac1ng the more electro—_
.negative ligand in ‘the axial“position where 2lectron pair

. interaction is inherently greater because of the smaller

d

91.
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bond angle' (90°) with its three nearest neighbors.

Rund1e7l described the axial X-P-X bonding framework
/ .

‘
in terms of a linear three-center molecular orbital

.

picture utilizing one orbital on each of the three atoms -

involved. The linear combination gives one bonding, one
non-bonding, ana one anti-bépding moiecuiér:orbital.‘

The symmetry combinationé for a set of';hree Po orbitals,
one from each atom, are shown in Fig. V-2 in which the

termlnal atoms are labelled X and Y, and. the central

atom, C.
: ) . : ‘ ‘
C \ X . C Y
@@ @G) @@ @@ NOOK
— P -P )= P
¢1 T ( ) alg ¢-/7 xt ) _ 32u ¢3=Pc = a,
S ,,
.
¥a,. -
- 2u
i N
: .7 \
Mg A Vagg\ any
aau ‘“—\ _ VQc . .,’ . ' 2“
. \\ , -,
’ V4
—p—
. “’aau
219 = 4 |
Wa2u1='N(¢2 - A¢3) ‘ o Ca
w*aZW = N(¢2 + A’¢3)
e e ‘ -

Figure V-2
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the behavior of more complex molecules such as PFS. Two

Of the four electrons available fOr bonding, two
are placed in a bonding orbital and two in a non-bonding

orbltal for a bond otder of one in the X~ C Y unit. The
j
non-bonding orbital is essentlally termlnai\atom in
\

character,therefore a greater electron denSLty resides
in the E%rmlnal atoms Hence the greater apical positional 3
preggrence of electrohegatlve ligands.
Several groups have calculated the energy p oflles
of the 1ntramolecu1ar rearrangement of PH5 64’65Iwhich,

although instructive, may be 1nadequate to ekplain pkpper

B

\
A

66,67

L. ~
recent ab initio calculations on PF5 and related

molecules considered also the permutational interchange

' & ’ R
.process in these molecules. Using a small basis set,

)

vaAVWazer, et. al.67 obtained consistently higher orbitalp
energies (iess stable) than those obtained by Strich andv
Veillafd?ét-who used a medium size bdsisvset including d
orbktals. Both sides were in esseﬁtiaD agreemehtvwithg
each other on the folloying points: (1) axial bonds are
weaker than the equatorial bonds with of without d-orbital

part1c1patlon, (2) equatorlal pW -dm bondlng 1s more efflo}ent
//

than axial pn—dn bondlng, (3) phosphorus equator1al - /

orbltals in a trlgonal b;pyramldal geometry have more ‘s

character than the axial orbltals, (4) equatorlal sub-
0 ,

stituents with a lone-pair w111 adopt a preferential.

orlentatlon in which the maximum lone -pair electron

[}
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‘density lies in‘the equatotfal plaAe.

According to Strlch and Velllard,66 d- orbitalvparticiﬁ
pation is lmportant in the bondlng of pentacoordlnate
phosphorus. They state that "although d\functions on
the-phosghorus atom may be omitted for a ﬁualitative
deseription'of the bonding,they do play a significant

.role in ghe bonding as shown by the-population analysis. gl,
.
Semi-empirical calculations, in contrast, have categorlcally

.dlscounted the 1mportance of the d-<orbital partxc1pat10n

,72
in the bondlng of pentacoordinate phosphorus.70 :
I ' .

Nmr Spectral Results

) ! N
A. Methyl (trifluoromethyl) trifluorophosphorane.
 The normal-temperatufé (+31°) 1y spectrum of
: [ : \
CH;(CF3)PF, (Fig. V-3) consists of 6 lines with the

apparent intensity_ratio of 1:5:4:4{311. This multiplet

structure is due to the partlal overlapplng\of two sets -

! l

of quartets, illustrated by the stlck dlagram als
shown in Figqg. V 3 The parameters are given in Table 3

The major doublet spllttlng is due to coupllng with the
]
phosphorus.and the quartet fine strpcture is due to

\ coupling-witﬁ three magnetieally equivaient, directly-
| - : _
\bound fluorines. . The apparent magnetic equivalence of

the three directly-bound fluorines is also suggested by

the presence of only two resonahce'regions in the lgF

nmr -spectrum at 31°C (RPig V-4): one, a doublet of.

-3

!
Qr

F D

£&



Figure v-3

!

1H (60,0 MHz) nmr spectrum of

OB:SG:V‘ed
CH, (CF4)PF, ‘at 304°K, obtained from a 50:50

solution'in c,f'c1’3:c1.:“‘2c12 with about 5% TMS.

The frequency scale gives chemical shift'values

‘ . “ o] )
in Hz relative to internal TMS. The stick,

diagram traces the splitting pattéin as a

- doublet of quartets arising f;om coupling with

phosphorus and with three equivalent directly-

bound fluorines. §
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211m1ts, obtained from an appré\'

shift values relatlve to PO waﬁ

relative to the F (CFC1. ) heter

31P standard _ o : \\,f
. / _ o \
\
\
\

Observed"alp ~ {}H} (36.4 MﬁzﬁvnhF'Spectra of

- CHy (CFy )PF at the fast- andkel w-exchange

solutlon in CFCl3 :CF C& contai

TMS. The frequency scale, whlch\

Jﬁg about 5%

iyéé chemical

4 6 \.ea%;red .
u.le r 10ck

N
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(

relatively broad quartets, is the CF3~regipn. The major
doublet is due to coupliug.with phosphorus and the L
quartet spllttlng is due to additional coupllng of the
CF4 sxgnal with the three equlvalent dlrectly bouynd A

fluorines. At a much lower field is the P-F region

whicdh consists of two very broad peaks. The P-F fluorine
: ' o

coupling 'with the CF, flucrines is not resolvedm‘
,'The' lp nmr spectrum (Fig V-5) of.CH3(C§‘3)PF3 provrdes

more iuformatiqn on the structure of this compound.

The normal température;proton—decoupled spectrum is a

quartet of quartets; the primary quartet is due to coupling

with the three,equlvalent directly-bound fluorines and

the secondary quartet flne structure of each llne is due to

further coupling with the CF3 fluorines. 'Upoi\scoling

the sample to.153°K, the spectrum is transformed 1nto a

twenty-four—-line spectrum consisting of a.doublet: of

trlp18t8 of quartets (Fig v-5). - Clearly,the directly-

bound fluorlne env1ronments have become¢non equivalent |

end three p0551b1e structures, the two trigonal bipyra-

midal structures (A) or {(B) allowing free rotation of the

éH3 and Cf; groups,'or_the square pyramidal structure

(C or the eéuivalent cis analog) can account for the

observed spectrum.

~

~
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X X
\\‘.CF3 .“x'
\\. ‘\‘
X—P H.C P
\ 3
\CH3 , \x
@ ] :
X cps" T~
\\ . . | O
: (A) ; (8) ‘ , )
: ‘ - X=F,Q | ey
' Figure V-6

Inh view.of the prepondefanbe of’ evidence supporting

the trigonal bipyramid as the grdund state geometry for

s

the simple phosphoranes, the trigonal bipyramidal alterna-

tives (A) and (B) seem to be the mobst reasonable’ struttures

and it is necessary to choose between only these two

alternatives.
The pattern and magnitudes of the splitting in the
low temperature 31, limiting speé£¥um of §H3(CF3)PF3
: are cleaply‘indiéative of two distinct ?—F_environmegis.”
Thé main doublet (IJPF = 1023~H;) arises f}om-ébupling;
of one s?ch directly-bound fluorine éo phosﬁhorus,and

o

"the triplet structure on each doublet cbmponeﬁt is due

‘ to godpling (lJPF‘f 919 Hz) of the two remaining magnetical-

A

~ly equivalent fluorines directly attéched to phosphorus.

'
i~



1J ' coupling constants strongly

The magnitude of the two -
‘ v -

suggests that the unique fluorine with the larger cqulimgu
constant occupies the equatorial site, and the pair of fluor-.

ine atoms with the smaller coupling censtant occupy the axial

26-28

sites. (156 1liz) is - consistent withe o .

. 2
The magnltqde of "J,_ o

equatorial placement of. the CF3 group. The data therefore ——

shﬁport structure (A) in Fig V-6 as the most likely ground-

state Etructure for CH3KCF3)PF

j. It should be noted that
structure (A) is the structure predicted by the

"electronegativity rule."7

N
The apparent magnetic equivalence of the three

-

directly-bound fluorines indicated by the nor@al probe

1 .
temperature 1'H, 9?, and 31? nmr spectra arises from

a ligand rearrangement process which is a ¥Yery common

. : P
phenomenon in pentacoordinate phosphorus compounds.lo'11

This interpretation is supported by the fact that the -
single lJé_F value evaluated from the room tempetatureﬁﬁ
19p ana 31p spectra (lJp_F = 955 Hz) is in good agreemefit

~

with the weighted average (lJPF = 954 Hz) of the two
avg
31P

unique values obtained from the low temperature

i

~limiting spectrum. The we;ghted average value of the;

two different low temper&tute 19? chemical.shifés, 46.1‘
ppm, is also in‘agreementtwi;h the observéd average
chemicai shift of - the directly-bound fluoriqe; (4652 épm;.

obtained at normal probe temperatures.-



Figure V-7 Observcdvlu (100.1 MHz) nmr spectrum of, )

CH3(CF3)PC13 at 273°K, obtained from a %olution
in CFCigncpntaihiqg about 5% TMS reference.

The frequéency scale gives chemical shift values

in Hz measureg relative to internal TMS. R

~
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‘H (100.1 MHz) Spech'um’of .

300 310 "Hz

Figure V-7



Figure V-8 Observed 31? - (1H} (36.4 MHz) nmr spectyum of

' CHB(CF3)PQ13 at 304°K obtained from a solution in'

CFCl3 containing about 5% TMS. The frequency

scale,which gives chemical values relative to

P,Og, was measured relative to the'lgF (CFQ13)

1

heteronuclear lock and converted to appropriate

values of the 31P reference compound.

-
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B. Methyl(tr1fluoromethyl)trlchlorophosphorane. \

" The 1H, lgF, and 31P nmr spectra of Ch3(CF3)PCl3

are characterlstlc of a flrst order A3MX3 system}Lrﬁhe'

1H nmr at 60 MHz (Flg V-7) is a'broad doublet which’
exhlblts a quartet fine structure of 1:3:3:1 intensity ratio
. X . : !

. upon expansion of eech component.ﬂ The 19F nmr spectrum

- shows a similar pattern. The parameters are given in
H . 13 .

Table 3.
The proton4decoupled’3lp nmr spectrum consists of
four lines of 1:3:3:1 intensity ratio (Fig v-8). Each /

component of tHe quartet-is split further into a quartet
. N :
in the proton-coupled spectrum.

" . The magnitude of the 2J o value (157 Hz) is

P~-F
compatlble 26- 28_with an e&uatcrial CF3 location.hence,

structure (A) in Fig V-6 is considered to be the' most

llkely ground state - structure of CH (CF )PCl3
. C. | Methyl(trlfluoromethyl)dlmethylamlnodlfluorophosphorane.

The lH, 19?, and 31P nmr spectra of CH (CF )PF N(CH )

can be interpreted @h a flrst-order basis. The 1H nmr

P

spectrumA(Fig V59) consists of tyo sets of doublets of
triplets. The lower fieldbre%onance ie twice as intense
| as.the high field resonance, thus it(is reasonablylessigned
to dimethylamino protons, and tue high fieid resouance to
the directly-bound CH; protons. The priﬁary;doubiet in
'eeach region is due to couﬁling with phosphorus and the

.. , »/A



Figure V-9 Eprrimentaf 1H (lodSQ MHz) nmr spectrum of

. . o , ‘
CH3(CF3)PF2N(CH3)2 at 303°K, obtained from‘a

3
‘reflerence. The frequency scale giv$s chemical

. solution in CFCl, containing about 5% TMS

*shift values in Hz measured relatiVe»to

. internal TMS.

-~ t
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‘triplet structure isvdue to coupling with the‘tyo fludrine

't

atomsldirectly—bound to phosphorus. Mutuai cdupling of
the two sets of protonsris‘nOt observed, gorpis the
pcoupling of the‘protons with the CF# fluorines. ‘

/ The lgF nmr‘spectrum-(Fing—IO) shows two'resonance

[

regions, one at a high field arising from the CF4 group,
.

"and one-at a much lower field due to'the directly;bound
fluorine'atoms. The CF, region consists of a doublet

of triplets and remains essentially unohanged with tempera-
_ ) : ‘

ture. The doubiet spfftting is due to phosphorus coupling
and the triplet structUre’due to coupling with the two j

Ad

directly-bound fluorines. The P-F reglon is a doublet of

'septete of septets. The main doublet is due to P-F

--_“coupling; the‘primary septet is due to ooupling‘with the

. j
CH3 protons and CF3 fluorines, and the secondary septet

structure arlses from coupllng w1th the six dlmethylamlno

‘protons. Thls asszgnment is supported by the magnitude
of the relevant coupling constants evaluated from the
1H nmr spectrum.

The proton—decoupled 31, mr spectrum'(Fig.V—ll5

'_consxsts of twelve lines, the primary trlplet due to coup-

ling with the two directly- bound fluorines and the quartet
flne_structure due to-P-.-CF3 coupling.

All these spectral patterps are co?sistent withAany:
one'of‘the(following trigonal Bipyramidal structures
(Fig"V-lZ)laESuming that any axiel—equatoriallpermutations;

¢
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Figure v-10 Observed 19F (94.1 MHz) nmr spectruﬁ of
2 '9 ;

at 303°K obfaiﬁéd from a

containing abqﬁt 5% TMS.

CH3(CF3)PF2N(CH3)2
solution in CFCl3
The frequency peak gives chemiéal shift values ;

in Hz relative to internal QFC13.
i . /
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Figure v-11

1) : "\

Observﬁd 3‘IP fb{lH} (36.4 MHz) nmr spectrum

O .

of CH3""‘(CF3)1>I,~‘21*1-'§CH3)2 at 303°K obtained from a

3 \

solution in CFCL
t o
The frequency scale which gives chéhical /\

containingiabout 5% TMS., |

; oo \
shifﬁ values relative to P.0O was measured H\

4 6
reldtivé to the 19# (CFC13) heteréﬁuclear

lock and coﬂvegted to'appropriate Qélges of!
31P reference compound.

the
. i

L I
\
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; 3]F’(36.4 MHz()~{‘H} nmr Sprctrum of
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i
{
#

-
“\
> |

T:303°K:

'Figure V-11




A\

-

Figure V-13 Comparison of the experimental lH (100.1 MHz)

\

nmr spec;ra of CH3(CF3)PF2(SCH3) and \\

CH3(CF3)PF2(SCD3) at 304°K. The spectrﬁm of
CH3(CF3)PF2(SCH3) was obtained from an approxi-
mate 50:50 solution 1in CFC13‘énd CF2C12 .

. ¢ontaining about 5% TMS while that of Cl3(CF;)=
PFZ(SCD)3 was obtained from élsolutioﬁxé;~CFCl3

"and TMS. The doﬁblet of triplets subspectrum
o | arising from SCH3 is sgsegﬁfih the deuterated

coﬁpound. ‘The iréquency scale in Hz was .
me?Sured relative to iﬁternal TMS iq'both

Il

cases.. ° ) ) .

-
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Figure Vv-14

Experimental lgF nmf spectra of CHj(CF3)PF2—
(SCHB) (P-F region only) at various tempéfa—
tures between the fast- and sloerxchange

limits obtained from a solution in approximately

o

50:50 CFCl,:CF C12 containing about 5% TMS.

2
‘The fgggé;ch scale gives the chemical shift

values in Hz relative to internal CFCl3.



: 119,
A

i 'YF SPECTRA (PF PORTION) OF , /
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Figure V-15

5

Lo : :
Observed e C (36.4 Mhz) nmr spectra of
CH3(CF3)PF2(SCH3) at the fast- and slow-exchange
o :

temperature limits obtained from a solution in

»approximateiy 50:50 CFC13:CF2C1£ containing

D
about 5% TMS. The frequency scale which gives

chemic%l shift values relative to 1340.6 was °

measured relative to the 19F‘(CP.‘C13)

heteronuclear lock and converted to appropriate

31

values of the P reference compoundl o

.o
P



3000 | 4000 ' -5000

Figure v-15
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(CH ) N-———P_

4

! . .
would be resolved within the temperature range cxamined.
\ \ . _ , :

F ]
- muij CF (cuij:
RO F

32

Fil——p (CH )L N =P ———
3 ; ‘ H.C
\cu3 ‘ l\,.— L ~: °
F ‘ o .

. . r.:q.' * | : .
(A o fB) e ot (D)

* Figure v-12

; o . 3 : i
The numerical values of lJp ~F (850 Hz) and 2J

\Y L

-P-F
(157 Hz) observed strongJy suggest.26 28 that the two -

directly-bound fluorines occupy equlvalent axial positions

ahd~thatfthe single CF grOup,occupies the equatorial -

3 ,
position indicating that structure (A) in Fig Vr12,is the
ground state geometry for CH (CF ) PF N(CH3)2 This. is-

-

also in agreement with the'électronegat1v1ty rulé' which

prcdlcts that the fluorlne atoms would occagf the axial

!

p051tlons |

D. Methyl(t;if1uoromethyl)difluoro(methylthio)phosphorane

122,

!
The normal tehpcrature‘(+3l°C) lu; lgF; and 31? nmr

spectra of CHj(CF3)PF2(SCH3) are shown in Figs. V-13 to 15..
‘/ - . B

The lH nmr spectral pattern is similar - to that of CHB-

- CF3PF2N(CH3)2,exoept that the two resonance regions exhibit

!

equal intensjties because each arises fgpm one methyl group.
- . . ‘ . o

|
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The high field resonanqe peaks are a551gned to the protons

of the CH3 group attached to phosphorus and the downfield /

-

peaks to ‘the SCH protons because the deuterated compound

3

'CHB(CF3)PF25CD exhibits only the high field resonance (Fig

3
V-13). This assignment is consistent wjth" the relative

electronegativities of the atoms to which the‘chs groups
are attached, the}highest field resonance signal arising

from the CH3 group attached to the dtom of lower electro"

negat1v1ty (P), thus 1t is the most highly shlelded CH3
56 ' o

The 19? nmr Spectrum at normal temperatures (304°K)
!

I ' ) '
L . . - , I

shows two resonance regionsfcorresponding to the CF3.

.group.

(high fleld) and the P-F. (low field) groups in the molecule.

The CF3 region is a relatlvely sharp doublet of triplets

- .showing good resolutlon of the coupllng to phosphorus

as well as to the two dlrecthrbound -fluorine atomsr

The P-F region at 304°K (F1g V—14) consists of a doublet:
with apparent septet splitting on each doublet component
arising from partialif resolved ooupking withpthe CF3.

d'fluorines,and the CH3 protons. ' The P-F region proved to

!
be temperature-dependent.' At 253°K, the septet fine

y
!
i

structure is lost and the two - peaks shift upfield with
the peak separatlon 1ncreased by 18 Hz. At 223°K, a new

A broad peak emerges at a lower f1e1d (~ 1240 Hz) The |

llmltlng spectrum, obtalned at 183°K, shows three distrnct

° . t

’sets of multlplets ‘with an apparent 1nten51ty ratio of

!

1:2:1. The 1nterpretatlon of this 1ow -temperature lgF
. . /
nmr‘spectrum was aided by the proton-decoupled 19F
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s  l24.
l

spectrum of the P-F region at the same temperature but at

a lower spectrometer frequency.which showed a much
simplified spectrum consigsting of two sets of equaiv
intensity.doubletSL indicatiye of two}distinct‘P-F
resonances. Thus the two directly—bound fluorine atoms

[
have become magnetlcally non-equlvalent at. the lower

,temperature. At thls'low temperature,each component

of both doublets is further split into a doublet of
quartets with a 1:3:3:1 intensity ratio. 'This secondary
doublet'splitting is due to couplinq between the two

fluorine atoms dlrectly bound to phosphorus, and the

!

’quartet fine structure is due to the coupling of these

[

.fluorlne atoms with the CF3 group. ‘The relevant.para—

meters are given in Table 3 (Chapter III)

The normal temperature proton-decoupled 3lp nmr

spectrum (Flg V—lS) consists of a trlplet of quartets,

-1nd1cating resolved coupllng with the two magnetlcally

equlvalent dlrectly-bound fluorlne atoms and the three.~

4

CI-"3 fluorlnes. At 180° ‘a sixteen line spectrum results,,

L

‘con51st1ng of a doublet of doublets of quartets with

/
two nearly overlapping central quartets. The principal :

'doubIets are due to phosphorus coupllng separately w1th

each of.the non-equivalent dlrectly bou?d fluorine atoms. :

‘The quartet fine structure on each line - arlses from

coupllng ofvphosphorus with the CF3 group. The 308°K nmr
spectra of CH (CF )PF (SCH ) are consistent with any

one of the followxng trlgonal blpyramldal structures.
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P

HCS —ep F C-—=P. H,CS— —P H =P -
. 3 A 3
.\CH:, . I\F . I\F , \F

~.the structure in whlch the methyl g oup lles in the
)

SCHy CFy SOy

]

CCEy oF CF

CF C CH, ‘ . CHy | CF
o (8) S (o) B , (D)

FiguréﬁV-lG'

Comparison With othet systems and consideration of the

* electronegativity ruaé would suggest structure (A) (Fig

V-16) as the most reasonable alternative for ‘the ground

. state strudture of this molecule The loss of equ1valence

/
of the fluorlne env1ronments clearly shown in the varlable-

19

'temperature protOn-decoupled F and. SlP pmr spectra is

most likely due to cessatlon of free rotation about the

i B-S bond analoqous to the behavior of tetrafluoroa]kyl-

and arylthlophosphoranes.39 Theoretlcal studle 66,67,70 -

‘suggest that the most llkely ground state conformatlon is

v ¢

axxal plane placing lone palr (or pﬂ) electron densxty

in the equatorlal plane (Fig v~ 17)



Figure V-17

Whether the fluorine whfch sths ¢t "ing with the
SCH protons is trans or cis to the SC: ~oup cannot
‘be decided on the basis of avallable 1nformat10n,and
more exten81ve and comprehen51ve 1nvestlgat10ns are

-

requlred on thxs and simijar compounds to resolve thls
f ; !

problem. ’ ;
| b
. [ : .
E. “Bis(trifluorometnyl)dimethylamino(methoxy)flhoro—
‘ pﬁosphorane ol y |

The lﬁ nmr spectrum of (CF ) PF(OCH )N(CH ) at |
normal temperatures shows two resonance regions of 1:2
relatlve 1n ensity ratlo correspondlng to the resonance
of the three methoxy group protons and‘the six dimethyl-
amino'prot7ns respectivelp. -Each région-consiststof e

/ : -

126.

“ .
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Figuré v-19

Experimental 19F (94.1 MHz) nmr spectra of

,

(CF3)2PF(OCH3)N(CH3)2 at various temperatures,

obtained from a solution in approximately 50:50

CFC13:CF Clé with about 5% TMS. The frequency

2
scale gives chemical shift values in Hz

relative to internal CFClj.

4
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Figure V-19




. relati&ély br6ad,doub1et of douﬂleté indicating that the _.; -
proton signals are coupled with phosphogus and with the
single fluorine directly-attached to phosphe:hs.' Upon
expansion of'éachfdoublet quponent,vthe‘dimethylamino
proton signals (at higher field) show thé'éoupl}ng with

the six fluorines in the two CF groups’ with moderately )

3
good resoldtioh.(Pig Vv-18). The coupling. of the methoxy

e

- ’

protons with the CF

= 3 |
19 " Dt :
The F nmr spectrum shows three distinct ‘resonagce
. A L4
’ I

regions at 305°K (Fig V-19). The lowest field resénance

‘groups is not as well resolved.’

-

consists of two widely separatéd (J = 816 Hz) broad peaks(
and is assigned to the directly-bound fiuorine:atom on ‘
the basis of the magnitude of the chemical shifé‘and
coupling coﬁstant values. The middle fielaﬁresohance‘
.rég;pn is similarly a broéd doublet but with a much

smaller sEparation (J = 62¥Hz).' The highest field ) ;),
. resonance region consists of q.pair of broaé doublets
apparently split into 5 lines each. The EAjor separation
of this doublet (J = 130 Hz) is greater than that of the
middle'field set but is still ¢ohsiéer§bly émaller than for
the firstuset of doublets. These latter two regions -

3

are assigﬁed to the axial and equatorial CF. groups
respectively, in agreement with the trends established-

préviously‘ The® ground gtate stfucture therefore is:o

1S
v
¥

@ -
sarin
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F .
.+ 'OCH
VO 3
(CH,) N“.—P\A |
| - YCF, .
. 3
T \
Figure v-20:
‘ |
‘ This structure is 1n agreement with the 51mp1e electro—
negat1v1ty (and ap1c0ph11101ty) predlctlons 51nce the T,
most electronegative substltuent F is* placed in an axial- 4 T

p051tlon while the —OCH3 and -N (CH )2 groups occupy
‘equatorlal positions. The CF3 groups, more electronegitive
- than.the -OCH3 or rN(CH3)é but less electronegative than

'F are forced to occupy the two dissimilar remainipg
& . o - \
sites and hence are non-equivalent. The structure is y

supported by the splitting patterns, by the magnltude of

ﬂlJ _F (816 Hz) whlch is in the correct range for axial

fluorlne on.phosphorus and by the ZJP-F values of the

s ‘ 2 ' . . , _
3 groups. The sma%ler JP—F\V;lue (J.= 62 Hz, ¢CF3 = n

)

.62.1 ppm) is associated with the axial CF4 group while | .

the larger of theé two values (J = 130 Hz, bopa = 65.3 ppm)
, - : 3

y .ﬂ o .t .' B st



.. phoranes containing CF

il ' ' . . 133}
: |
is associated with the cquatorial.CF3 roup. The resolu-

tion of the two different CF3 environments at 305°K implies

that the barrier to positional exchange of these two CF,

o

groups is reiatively high. ‘

-

The best resolution of the apparent duintet'fine .

"structure aopearing.in the highest field resonance peaks
' ' ' \

(equatorial CF3Tdoublet) was obtained .at 283°K, and a

» septet structure’ became apparent, but at the same time the

axia11CF doublet became even broader. At 273°K moxe,

3
drastlc changes appeared in the Spectrum The axial

i

“GFB resonance doublet is almost completely collapses and
the doublet of septets due to, equatorlal CF3 resonance
shows some asymmetry. At 163°K a number of complex |
asymmetric multiplets appear between the PeFﬁdoobleta
.andfthe original high fiéld doublet of multiplets .
(equato?;al CF3), with thevlatter becoming even more
asymmetric both in height and'splitting pattern. Such .
comple;?epectral patterns apoear similar to those obsefved .o
in the low temperatdre‘lgF spectra of a number of phos- |
26a,b

3 and N(CH3)2 " or 051(¢H3)3

gréﬁpsi73 These changes,which appear to atfect the

axial CF3nsignals more than the equato . CF3 signals,
have been lnterpreted "as arlslng from the cessation of
conformatlonal averaglng processes elther of the OCH3 or

V(CH3)2 group or both, thus locking the axial CF3 group and

de stroying the magnetic equivalence of the fluorine apomS;
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:

- of the axial CF, group. The spectrum is too complex and

too-poorly resolved to assign‘completgly at Ehis time.
Heating the sample also alters the appearance

of the 19Flnmr spectrum“ At 333°K the tw& distinct CF3

rcsonance peaks start to broaden Wlth concomltant

<

loss of the flne structure of thcnequatorial‘CF3 region.
At 343°K one oBsarveS'only four:brdad humps‘in thesé two
. resonance regiona (fig v-21). o
Much higher temperatures were not exp;ored because
of the likely thermal ingtability of theicompbund, w;ich,
in keeping with similar trifldoféheéhylbhosphqrahes, would
ﬁrobably suffer read? eliminapibn of.CF2.74‘ The observed °
behavior of the nmr spectrum'at elevaled temperatures
is strongly suggestlve of the onset of magnetic equivalence
of the CF3 groups presumably due ‘to a process similar
to that observed 1n analogous compounds.27'
The proton-decoupled 31P nmr spectrum of (CF )
PF(OCH )N(CH3)2 id readlly assign:'d as a flrst order
. .1\.Mx3!{3 pattern with some\overlapolng of 11nes.,‘-'rhe . .
basic pattern arlses from a major doublet, each line of
which is further split:inta‘a quartet by the iqdatorial
‘CP3 group and.each liﬁe,is then fu;thef split into a ;
quartet with accidental overlapping of some 1ine§; ‘th

stick diagram in Fig V-22 traces theaorigin:of the

spectral splittings.
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31, ~‘{1H} (36.4

Figure V-22 ‘Experimenfél and calculated

! . MHz) nmr half-spectra of (CF._)_PF(OCH,)N(CH.)
_ ' 3’2 3 3’2

near the‘high—temperature exchénge-liﬁit. The
. éxperimeétallspecﬁrum.was obhtained from a *

solﬁtion in CFCfl3 with about SifTMS. The -,

?fgequency scale which gives chemica}\shift

values in Hz relative to P406-was.measured

‘relative tg CFCl3 a& a heterondﬁlear lock. }

The stick diagram traces the origin of a

.pattern of a qhaftet of quartets of quartéts
arisingufrom phosphbrus coupiing with two

3 B
~ The ceptral'pair of lines, which should be

non-equivalent CF. groups and one CH, group.
the strongest lines in the spectrum, are not

- the tallest lines because the systeh'is‘
beginning to show the effects of a reduced

rate of exchangé at this temperature.
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2

F. Bis(trifluoromethyl)dimethylaminodifluorophosphorane.
1 )

The “H and ¢ nmr spectra of (CF,) P‘F N (CH, )‘
obtalned at 60 and 56. 4 MHz,»respectlvely, deoart strik-
ingly from a first- order spllttlng pattern (Flg V-23,24A).

Simulation of the spectra by means of the computer program

~

NUMARITgO,using'the parameters derived from the high
frequency spectrum, conflrmed thlS 1nterpretat10n ‘The
l" spectrum gave reasonable agreement with experlment and

J

1
. the 9F'spe"tftrum gave excellent agreement with experiment

only when lJPF and'zJPF were assignedvopposite signs, v
confirming the general relationship of theke coupling 3

. . . . /' . !
constants100 (Fig V=-24C).

At hxgher operatlng frequency, lOO and 94.1. MHz, respec-

tively for lu and 19 ~the second order effects dlsappeared

(Fig 23,24B) reducing tne splitting pattern to that of
a simple first-order spectrum. Under these conditions

the lH spectrum consists of a doublet of triplets due

to proton coupling with phosphorus and further coupling:
with the two dfrectly—bound fluorines.: Theflgp nmr
spectrum shows two resonqnce regions with.the_multiplic;ty

and intensities consistent with the presence of two

magnetically equivalent directly-bound fluorines and

two CF3 groups (Fig V¥23) The CF4 region (Fig 24B) is a .

kdoublet of 1: 2 1 trlplets whlle the P F region 1s a

i~

~doublet of septets of septets. The primary septet structure

of each P-F component arisges from the coupling of the -

a4,

!
i



Figure v-23

Observed
at . 303°K
with abo
100.1 MH
second-0
spectrum
Chemical

rglative

lﬂ nmr spectra bf (CF3)2PF2N(CH3)2
_and obtained from a‘soluﬁion in CFCl3
4t 5% TMS at both 60.0 MHz and
z spectrometer frequencies. The
rder cffect eﬁident in the 60.0 MHz
disappears in the 100.1 MHz spectrum.’
shift values arevgiven in HzZ,

‘to internal-TMS.

i

ey
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IH nmr Spectra of ’ c S g
CF
T =303°K : ~
- 60.0 MHz L
. / /'
. 1 . ]
170 160 -
'S — N“;
100.1 MHz /
- 1 A 1 N 1 N } '
300 | 290 280 . 270 Hz
'

Fiqure ¢-23



Figure V-24A

al -3975 Hz. -

!
“

 Observed 19F (56.4 MHz) nmr svectra of

* F X .‘ o ] .,
(C 3)2PF2N1(CI3)2 obtained on a soluslon in
CFC13. The scale gives chemical shift values
in Hz relative to external CFCls. The
expansidns are. shown with éfhitrary vertical.

- scale. The singlet at -3850 Hz has an//

\\

‘integrated re}ative intensity’' of 3.9 units

I\
{

&
relative to 3.

I

O‘pnitsxfor the triplet éentered_

(e
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) .
T=2305° K
—_ l ] .1 ] | L ” 1 . l | l
T -2900 - -3000 -3800 . -3900 ~4000 Hz
~ Figure V-24A - p )
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19.

S T :
"Figure V-24B Observed F (94.1 MHz) nmr spettrum of

T iy .
(CgB)ZPFzN(CH3)2 at 303°K and obtglned from.a

solution in CF;Cl3 with about ‘5% TMS. The

frequency scale is given in Hz relative. to
’ ‘

ks internal CFC1

3
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Figure V-25

Experimental 31

, N 0
(CFy) PP N(CH,) , dt 188°K

in qppboximhpely

csnlutica
' : |

-containing about 5% TMS. -

wes which are given in

. were measured relatlve to-

P (36.4 MHz) nmr spectrum of

obtaiged from a

heteronuclear lock and cdonverted to approprlate

values on. the P O scale.

476

'
i

50:50 CFCI tCFzglz
f
“The chem 1 Shlft :
Hz r% to P, 0,
the (CFCl )
P 6 -
' o ‘.‘N
'_-'~J,-: ‘\h C

,,,,,

‘ A I ’ f
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1P (36 4 MHz ) nee Spectrum of
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Edlrectly-bound fluorines with the fluorines in the, two
.CFj groups With the exceptlon of the outer lines in
each septet each llne is v1sib1y spllt into septets in’
the proton coupled spectrum ‘due. o further coupllng w1th
the 51x dxmethylamlno\protons. " C

The spectra of (CF3)2PF2N(_CH3)2 taken at 100 MHz

(1u); 94 1 MHz (19F) and 36.4 MHz (319) (Fig v-25) are

W

first- orderw nd, on the basis of the number qof P-F and

-

CE3 resonances, the number and mugnitude of the coupling

constants observed are compatible with structures (A)

or (B) ln Fig Vr26. The electronegat1v1ty rule would

suggest (A) as the ground state structure ofvthe ' ..
‘ = ,

- A

compound. The single'1 p value of 902 Hz and sxngle

P

2 P F. value of 157 Hz are w1th1n the range of the magnitudes

.of axial F -Pp and equatorlal CF3-P coupllng parameters

' established by numerous previous invest&gations,56 28

y

|
and support the choxce of (A) as the preferred structure.“i

i

' ‘ \\\‘CFJ' ‘k; woF :
. vV ' i N
3 (CH)N"——,—?\, (CH 32 -—-—P\F |
S C%
s o F - CF5
oy W (1)
é;gggy\\' T

O Figure V-26

AN

-
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T

G. ‘Bis(trifluoromethyl)dimethylaminochlorofluorophos-
phorane. : , | ‘
The 1H nmr speotrum of (CF ) PFClN(CH ) con81sts of

a broad doublet of doublets, the prlnc1pa1 doublet arising
from coupling w1th phosphorus and the secondaryldoublet

from coupling with the single direotly—hound fluorine.

The proton coupling to the CF3 fluorines is not resolved

(Fig v=-27). |

- 19
The. F nmr,spectrum c0n315ts of a doublet of doublets

|
in the CF3 region, ané a doublet of septets of septets in

the P-F reglon.‘ The major doublet in each region is due to

. I
coupling with phosphorus.‘ The doublet flné.structure in

“the CF3 region is due to coupling of the directly-bound

fluorine With tn%}§F3 fluorine atomsw The multiplets
in the E F reglo %ﬁrlse from fluorlne coupllng with the
fmd-

six fluorlnes in the.two’ equlvalent CFa‘groups and then

Jcoupllng thh the six dxmethylamino protons (Fig

V-28.. . | : ' : ! ._ e ‘ S

1

_ 3 : -
The proton-decoupled lp nmr spectrum is a doublet

of apparent quintets. The ratio of the linefintensities

~

however, is in better agreement Wlth the centraligglines of

- a septet (1: 21 33 2§ 1) than with that of a quintet

(1: 4 6 4:1) hence it is assumed that the outermost unit j

Y

intensity lines of each septet have been lost’ in the : I

I
~bpckg§ound n01se._ This proposed septet splitting of

the P-F doublet is to be‘expeqted_from phosphorus coupling



Figure V=27

Observed st (60.0 MHz) nmr spectrum of ' , i

. {&f'

y . o - ") .
[+ -
(CF3)2PF2N(CH3)2 at 303°K and obtained from a

. solution in approximately 50:50 CFCl_:CFCl,.

3 2 2
, . o
containing about 5% TMS. The frequency scale

is giveﬁ in'Hz relative to internal TMS.

I -
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H (60.0Mffiz) nmr Spectrurp of
F‘ ! [N
) CF,

) . : \\\ to . ‘
\ |
- (CH4) N é\ -

TV cE,

Cl

- T=2303°K

A
¥
i 1.
160 |

F'xguxe v-27
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. y 31 1 I -
Figure V-29 Observed ~ P -~ {"H} (36.4 MHz) nmr spectrum of

‘ (CF3)2

. solution in CFCl3

,frequency scale which‘gives éhemical shift

PFClN(CH3)2 at 303°K obtained from a
with about 5% TMS. The
|

values in Hz relative to P was measured

19

4P

relative to the F (CFC13) heteronuclear lock

and converted to approbriate values of the

31 T :
P reference. /



b ( L " 157

\

Cl

 T=303°%K} |

HR

-4800  -5800 . -6800 Hz

i Figure V-29
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with‘six fluorinés in the two equivaleng QF3 éroups\
(Fig V-29). The proton—ooupled spectrum shows additional
septet spllttlng of the oriqiral septets due to phOSphorus
coupllng with the six dlmethylaWLno protons.

The spectral patte s discussed hbove are consistent
with‘aay one of the four following trigonal b;pyramidal

- structures (Fig V-30).

O

, F . CF,
Nt} I
o . N(cHa)z o N(CH3)2
FyC ! F-—p"
\ I\CF3 | \,c1
c CF,
(A) (B)
F " o ,
[}
: w! ' ‘C‘ ! CF3
F.C P F—p}'
3T ,
I\CF3 l \CF3
~ NCHy, N(CH,),

Figure v—jo'

- From the'lH; 19F; 31P spectral Spllttlng pattern]
and line 1ntensxt1es of (CF )2PFC1N(CH ) 1t~1s clear -
that there is a 51ngle CF3 environment and free rotatioﬁ_
of . the CF4 and’ N(CH )2 groups. Furthermore, the

invariance of the 19? nmr spéﬁtrum with temperature in

contrast with that of (CF )ZPF(OCH )N(CH,3)2 1nd1cates i

that not only are the two CF3 grdhps in (CF3)2PFC1N(CH3)2

| T



magnetically equivalent,kthere,}s also no observable
. N . ' ‘ A
ligand exchange occurring within the t-m erature range. §>k\
. - : y E \
investigated (305°K to 203°K). Either the ligand exchange

A

is fast at all temperatures, a situation which is unlikely
: . ‘

in view of the ease with which different CF3 environments .

were detected in the case ofr(CF-) PF(OCH')N(CH )2, or 'y

the CF ‘groups do not part1C1pate in a llgand p051t1?na},

averaging process. The magnrﬁudes of lJP—F (883 Hz)  and

\ . ) . .
'ZJP_F (161 ﬁ‘) observed are within the range establish-

for axial directly-bodﬁd fluorihe atoms and
3 groups,'respeotlvely Therefore, we
~propose that the ax1a1 p051tlohs are occupled by 'F. and Cl

s .
groups occupy equlvalent sites.  The only

equator1al CF

| and ‘that both CF3

»mothet alternatlve prov;dlng equ;valent CF3 groups requlres
. that Cl be placed in an equatorial position 'with two CF3 ‘

groups-requlrlng that the axlal 81tes be qccupied by F and

., .‘ ————————

, N(CH )2 groups, an unlrkely sitnatlon since C1 1s very much l,

-,
)

‘2

more electronegatlve than thegp(cn3)2 €roup.f From these . r‘

.con31derat10ns the mostfllkely ground state structure for fi

~ 3

(CFy), PFClN(CH )2 ;J;gtruétﬁre &) in Fig v-30..

I1f the above arguments are correct, two %; ;he phos—"
: >3
phoranes lnvestlgated hereln appear to provxde exceptions

"7

p
to Muettertlesu electrone’atzuxty rule namely,

CH3(CF3)PC13 and (dF3)2PF¢lN(Cﬁ3)2. ;h hoth.caseo - _
. chlorine appear’S* to exhibit a. greater tende'ncy toﬁéupy ,
[} . ’ ~ .

fthe ax1a1 p031tlons than ‘the CF3 group although the

;latter has a' greater electronegat1v1ty than t&e former.,

L . o]
' . .



e

’Eipreferehce of such groups as OCH3 SCH3' N(CH )2 may be

o effects In other words, ax1al sﬁ
4.

-éery small It may well QE that since such’ groups have

. ’ . . A . ’

) . | S

. . . v Y s . L
v . K . R 'l R . d;

: b . ‘ : \ o

Slmllar observatlons have been reported by Cavell and”
26-28

.»r’

'-CO workers in their studles on chlorophosphoranes

.conta;nlng the trlfluoromethyl group. They" have p01gfed .
C 1"&”' 4 ‘e,, :
out that the aplcoph;llc1ty series ev1dent fromsnmr i

spectroscoplc lnvestlgatlon of a number of pﬂhsphoranes

/

' “ﬁcontainlng such substltuents as F, Cl CFV- OSl(CH )

‘:OCH3, SCH3, ‘and N (CH )2, 1sf£3¥e in' agreement wlth the

order of the 1nduct1ve parameters OI of the substltuents
| than w1th thelr electronegatlvxty values26 ?8 _The
apparent effectlveness of the OI parameter,uwhlch is
thought to nge the pure 1"1uct1ve, i.e., electron—
wlthdrawfng character, of - s0e~ific\group suggé%ts‘

®

aplcophllxcity may be strongry 1pfluenced by o bon.
- «‘b

‘occupatlon may. be}f

‘ ,\w-

 £ the substituent

to\stabllf&e the charged structures, e. qg., X- P‘ x inf; .
— ; ) ’ :

o

_strongly xnfluencedqby the ab;lit

‘proposed by Rundle]l may, e approprzate CIf such is the

- : H .

case the congrxbutlon of n bonding to the equatorial)

s

'1ow 1nduct1ve charactér they will therefore not occupy

the axlal positlons but rather w1ll occupy the’ equatorial

fsxtes. S R .

\
~ 0~ ' S - N .
. ) ) .o '

2l i - : W . e

- e#b:x, and hence ‘the bondlng schemem“

<

s

160..
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A

ﬂ \

\ .
%g The 1nterpretat10n of the nmr spectra of the phbs- |~

,*,_Qf a tgﬁgqnal bipyramidal ground state geometry 19 agree- .

7,8,26-28 | v
+ \ . _"

\ S o

electron. dlffracthn and X~ray’

ment. with extensive'data“obtained from\nmr,

. ‘vibrational, 18-75

crystallographlc{3 15 17 -studies on closely related “mg

A

compounds.ﬁ The lnterpretatlons appear substantiatedmby

'nuclear magneblc résonance parameters
w'gh ‘ "47

;vspghtra w;&hin tﬁe characterlslﬁc 'ﬁ?

J tﬁe agreement of

RREe

- evaluated frOm the&

ﬂ o :
llmrﬁs estabrxshed for au?h@pgﬁgmdtera in euch magnetlc
i 26-28

has been maintalned

env;rodhents. that diffeﬁ?nt

fluorlne env1rédﬁents can bé d&tuﬂnquxshed thrgugh the '”b
magnltude Og.th81§ one—bond and&kwo-hond coupllng with
phosphorus whlchzfay be evaluated from thelr llmxtlng

“vlow-temperqxufe oy spectra.‘ Nuclearemagnetlc resonance

: I'ed from ?oom temperature spectra in @
e ;
the case of cn (cp )PF and q#?(cr )ﬁr (SCH, ) both show |

‘ averaged values due to pefmutatlon of ligand envxrgnments

o

'1n the first case and a P-§ ppnd rotatlon process 1n theu,
second case. At low temperatures, howevér, th@ distinctly
dltgerent-P F envxronments were detectable. Qhe nature ’

and energetxcs of\the aver%glng processes in these and
‘ ‘ 4
related compounds w111 be dgpcussed~an Chapters VI and VII.

3

The Amc:, -spectra Ofr(CFa)zpF(OCH )N(CH 33 ‘at normal \

¥

temperature showed two dlfferent CF3 enylronments_wh;ch ’A\

. .
5 :;- S

phoranes: studied in this werk was based on the assumptxon jh_&'



R
=
-~

|

were eeigngd to one axial and one equatorial s&te based;

. *) ‘1 _.~‘~ ‘v"’;‘

iluo ine coupllng constants (62 Hz and 130 Hz, respecgive—- L

ly) ?he resolutlon of the two dlfferent CF3 environments
a€ such relatlveiy hlgh temperaturei&rmplles that the

. . & \

energy barrier to the lxgand averaglng process suggested

N

.

by éhe er spectra obtained at elevated temperatures .

;"“(e g., 343°'m)~t"s mgh o B
A : '

a : - } (cr PFZN(CH ) and (cx-‘ )QPECJ.-
1 8

itional averaging phenomena at jf

")# - i~ ’~:.

low temperatures, and in keeping w%&p the evi '
v {?; 7 Vo A

aquestxogkof ‘a lower apicdl fef%nce of the F group e

e w B [ - »

relatiwa to Cl, thch is ggntrary tg that expected on’ the f'

Py ,‘..‘ ..‘v.
bae}s of the %lectrone§at1v1ty rufg’ the- groﬁnd state R ?K
&3 ' o AW . Wy
y séructures w;th exclu51we equatorxal<fF3 substitution ~‘“¥*“ S
GO ‘ s e R - .‘\y‘x
are propoﬁed for these molecuLgs. ' J':éﬁbfy > e “;1”
. . o . 2 I . F

1’\% i o®
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c&mp'rmsxx,. S - - ‘ .[ﬁ

of molecular dynamics. Nith the general availabxlxty

v

.of the negessary pulse and computer hardwarqb studxea

A } \
_ A

&

of txme- and/or fxéld dapendent\ptfects in simple ﬂhectra
have become nearly routing.evan for nqn-specialxs&g&a '
In the pﬁfiags!ifrk bandshage analysis. Oﬁwdynamic.

nmr apectxa waétﬁmp10yed to determine ﬁﬁz~enetgeticm

of the averpgxng proées#ea ohgerved at normal tempera-

tures and fmplled by- the l?w-temperature gpectra of aoﬁa
'ﬂ of the phosphoranes 1nve§;1gated and the-rgsuitl g;p ’

dxscu:sod in - terma of thewrearrangenent procesqes vhich g

occur in theae fluxional moleculcl” ‘ o

| The fluxional character of pentacoordinate phoaphozun

compounda has lonq bcen recognxxed and has been extensiv‘ly

studled both bocause thqse compounds are believed'to Be

‘compounda provxde qxperimentally tractdble examploa of'

“the flux;onal behavxor whxch is an 1mportant ftature of

‘-\: o ‘ ; S .

\

-
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\

mechanism

\

many pentacoordinate inorganic compounds.

Because th&-ligand rearrangement is observable !

\

. ] . R .
experimentally, the mode (or modes) of the rearrangement,
‘i.e., the different‘comhinational'possibilities for

isomerization are, in principle, also observable. In

\

practice.however, experiment can distinguish among the
4
various rearrangement modes: only if the permutation

involvesqp one-step process or if there are.unusual sets

o

of,constraﬁﬁts in the molecule to rule out'the other
. . \ :

.possible modes of tearrangement. This arises because
\ N - ) .
sxngle step rearrangements of some modes are equivalent

-

to multi—lgzp rearﬂingements of. others.93 Information

N
rife§ding th:&mechanism of these rearrangemen 8

other hand, zzusually only inferred on

| & !
expected energy bartier pf the reaction pa hf n the

o -

-

hypothesised mechanisn. . -l B »'r;,;

LR ' oo v s

A number. ot,mechanisms have ‘been proposed to account

tor the keafiangement processes in phosphoranes. fTwo
suggested mechanisms which involve an equivalent cyclic
‘permutation of ligands Jre the Berry Pseudorotation
‘(BPRhﬁs mechanism and the ‘turnstile rotation® (TR)

76i The Bﬁk which was the first mechanism .

. :‘v

proposed, was invoked to explain the magnetic equivalence,.'ﬂw

of the five fluorine ligands in the 19F nmr spectrum of
47:5"A \-r!: AQM .
5 ‘although ir. and subsequently electron diffractidn -
studiealga b contirmed the\expected distinguishability,~

I B

CF



empirical MO calculationllz have indicated that the ‘

'of the axial and eéfuatorial P-F bonds. . . A one- step. ligand

rearrangement process is proposed operating via a
synchronous pairwi}d exchange of two axial and two

el]uﬁorial llgands. I‘he pathway for this exchangs m,ay.

‘be imagined to’ result from a v1brationﬁ‘ bending md‘fion

of both axial and Equatorial llqands traversinq,aatquare

pyram).dal transition state (mee\"Fig VI-1). Lagandb3

’

' serves as ‘a piyot an'd executes 1ittle or no mctio.n =

N J“,. .. K4 .0 ..

durlng the exchan"ije procesa. ' oo N «
) - ’ Ve Tl

- » . . . . . L . R LY
- ﬁ' . _‘,,-:-. a0 e ] , .‘U}' RO ..
W - - ' ) -"“ ﬁ; | ' : .
. ,. )
’ 5"’;

4Pz 1200 —» 180° TR % |
., 44PS - 180'-—&120- - -

, .
A . - - . . ;
\ 7 . ) . N v o 2
B . . . - ,
@ . P
R i

‘ o N{g" ure V]f-l g
. '\, ' ooa® . . ‘ /} S 10 .
Normal rdinate vibrational analyais and eemi-

Y

[

-

LS ) : N

»

v oo /
I} . B . p

k)

A\
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. '

encrqy-pathway'for this exchange involves a greater

contrlbutlon of thu in=plane oquatorlal bending motion

i

telatlve to the axxal bend. L , .

g \ 'I‘hlq modc‘l of C\L,hi\l\k]L was initially am,opted as

Kl

u thl..v(](_.nLX.-L\]. mu‘hanlwm fox the lumnd poxmutatmn\pxm vsses

. IR
in pho%phoxanba#yThus.ﬁhL classic work of hhttosxdos
- -

7
and&M1tchell v on rhe ftuorlne ligand rearrangement in

') 3 ‘PN(LH3)3 w&% 1n1L1aLly 1ntererebbd to be consonant
. . . e
' ' only thh thé BPR“héLhanlsm.l} 78; PhLb v1ew hab since

y PR . a Q, '
5egu~modlflcd bocaﬁsg the»TR mech\nggm pro dos an s ,

:C, Wl s ’ )
qlmegnﬁt1v¢ muaﬁk of«obtainxﬁg chllu pallWlbO xchanqe

PR "E‘ . a~

S 4, e My

;rgv-; _ g\nd831 ,6g Th& TR mnchanlsm, whluh @gy be VLSual—f

=

-9

'3." -~ -~ ® <" « R
% lzed as a COmbinatlon o& thaythrée motlons (sae Flg VI‘Z),

N e ol J'—‘@ 3 .
Ted ;nvolv an 1nt rnal Lontrarotatxon of /a palr consmbtlng P

of oRne agxcal and one LQUQtOTlﬁl llqand uvr‘wu “the three

g . _\

‘temaxnlng llgands actxng‘asda tElO £ pm an lnxtlally
o defbrmcd Lrlgonal‘ﬁppyramié m.The eompbnents of the'
process may‘be descnibed‘as‘follows: TwO equatorial
.fl}fgands" Bﬁ%né’J undergo an 1n1t1a1 felatévejbending'
Q?tlon re ducing the. normal 120°" bond angl3 between ghem -
_to_approxxmately 90°. L193nds 1 and 4 t11t by about 9°
." . &Fig II Za) whlle malnq;&nlng thexr mutually porpen— | /
dxcplar rblﬂLlVL posxtlons. The third cbmpohené ié an -
:"1nternal rotation. of the’ palr of llgands. 1 and 4, " o P

‘against the trio of 119ands 2. 3, and'5 (Fig./II=- 2bL, X

Thc barrier 51tuatxon (Fig vI=- 2c) is reached after a | LN
/ -
o . . . ! ’ B ]



2 y ¢ L . . |
’ &J 3 ) N '.&ﬁ, ' . ) | ) 167.
L | v -~y - ; 30° net ,
9. _ " _ 1ntemal ’
’ ) rotation
r >
/ \2 ;
“ 5 ,' ’
} (b) A .
{ - M ~ b .
B - - } ) : B B co
, o a. 4‘v "_:.'ll- ‘ \~‘\J ' * - v ‘
.. - \ : ’
. \m‘ ansz .. 3'———"‘ . 3,0° net
pe 2ol | .\ \2 S . internal ’
S L o o rotation® -

<

v y
‘ relative ggternnl%rotation of 30°. Further rotation by

\30‘. and: relaxation ‘of the bond anglea gives the iaomeric
trigonal bipyramid {Fig.. VI-2d) R :\\yy'

The TR mechanism shares qome common teatnres with

BPRQ namely, (1) angula; momentum is conserved 'in an

ideali:ed caae. and 2) a cyclic permutation o! two

/A
axiglrwith two equatorial ligands occur&. the that,ifL

. .
. . :
s : °
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\

the BPR permutation cycle is represented by (ae"a'é')

with e as pivot,

the same result can be achieved'by any‘

of thé four TR procosses represcnted by (ee a)(a e")
(Pe a') (ae"), A&C"a) (a'e'), and (ec"a') (ae').
~ / : :
& o’ q , ?@ﬁ& o
| ..a’ e’ e
...' R "l | ‘TR N ‘.l
) J‘\o (asta’e’) ) \e» eeralta'a")’ \o,
,} ” . @ S e
. ' / N " ' ¥ -
: S -y
. g S TR '
j . TR/ leeva) (a’e’) T
: leea)lae'ly } ‘(ee’altaeh)
a ¢ / ~ e \\ e
. - .4“.6 - / “-|-‘°/'\’ o I .h‘e.
i’ a QO a’ v
| | \‘.~‘, \ei _.\g’_
. ,.‘I.Av “"-” ‘. ' N R e’ i ' ..’
. e ; & .
! | | .',J . \ ; ; 1 .
- , Figure VI=3 - -
N "
. ’ AV ’ ’ " ‘ o -
' ‘The four equivdledt TR processes are united by the

fact that the
-cotrésponding

R

.".‘

PV
PR
'

“trio contains the pivot e of the

BPR procegs, and the. relative ‘direction of

168. °
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'uch that the ligand e moves to replace
!

the other originally equatorial ligand and this second

"trio" rotation

_equatorial ligand moves to the axial pOSition.

The fundamental difference between the BPR and TR
mechanisms is that-the TR mechanism involves an internal
rotation about an axis through the central atom whereas
the BPR does not ’ Consequently:/these two mgghanistic.
pathways proceed through entirely different geometries,
symmetry, and potential éhergies, and therefore the two
mechanisms may provide very differéht barriere..vhlthough,
as indicated above, only the mode ofua permutatlonal

le by , nmr spectroscopy, in51ght into

j'sm can be providéd by a knowledge

) L ‘ " - [} ql Q .
of thd-¥ éabetics of the process codgied with ab: zntt1» @

"t ‘

calculations of the potential surfaces involved 1n the

- various proposed mechanisms. In addition, if intermediate

speCies can be: detected, a more detailed analySis of
’ g

a multi-step mechanism would be- pOSSlble- yoweyer, since

‘short ~lived inte;QEdidﬂgélare not readily detected by L

nmr spectroscopy.such expectations would. De: achieved

only in fortunate Circumstanges.‘

There have been two main appr;\ches te the theoretical

-

description of high-resorution nmr Spectra of fluids:

) . kal
Tty DR

(l) the phenomenOIOgical description in terms Of the . e



_ "

. ) i . ‘\ ) 3 N L] ‘
Bloch equations, and»(z) the quantum - mechanical; descrip-
. . . . M ) i i ] .

tion in terms of a spin Hamiltonian. The Bloch equations
jare useful in describing complicated effects, e.g., time-'

B

‘ . . ! )
or field-8iependent effects, in simple spectra, i.e.,

- spectra of molecules W1th a single magnetlc nucleus.

\

3?

"These equatlons 1ncorporate two relaxation times, Tl and ' jf
< R . ' N
TZ' whlch govern the spectral 11ne shape The spin fg

Hamiltonian on the other ‘hand, is useful in describing ‘

\ compllcated spectra, i eU spectra omeolecules with

several magnetic nuol%% It contains two molecular . 13:
parameters, the chem&gﬁg Shlft and the coupllng constant. o

.‘:'!}.:,..
Line” p%ﬁ#tlons and\w.;j“ 1es, qshwnot lirfe shapes, can
be obtalned from' the ) }T'I‘ pan . Lind shapes 1n‘ TR
compllcated spectra are most convenlently'aescrlbed by

u'("

~/the den51ty matrlx treatment The methods used hereln

have been extens1velx-descfr§§?§1n the llterature.79 81 -

-

The llgand-exchaﬁﬁe brpadened spectravof CH (CF )
PF3 dxscussed in this chapter- and the methylthlophosphoranes .

(cQ)(cp)pF ‘(SCH)(n*"O m=0to3,n=m=l)

dlscussed in Chapter VII were computer-sxmulated usxng the

TR
82 This requlres the formulatlon of a

»

% klnetlc exchange or a. K‘matrlx thCh is essentlally an array

v program EXCHSYS.

\

"

s - of, the probabillbies of exchange of magneti&ation between‘“~“l‘

" the lines in the spectrum ' The lines arise froh,allowed ™
'tran51t10ns between magnetlc Spin states of thégbbserved -d’:'b”:

®

nucleus-- The multxplicxty of the system is governed by the

..

. mutual interactions of the obsergfd nuoleus and the other

magnetic nuclei 1n the molecule.

-
T
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The K matrix used to describe the exchange in

.CH3(CF3)PE3 is given in Table 1 (Appendix) . Figure Vied s
. . R o

,ehows'the*simulated;and‘experimental 3la .nmr sp
the lntermedlate exchange regxon where thesfost rapld

change with temperature occurs. ~The llmitlng spectra s
3 L ° : -
for fast and slowoexchange have been ngen earlier L1 |

o

.(Flg V-5).: At ail temperatures a reasonably good £it - -w..

’

'between the experimental quctrum -and that calculated , ,
» \ ’ o

for an approprlate rate constant was readlly achleve%, The _
" : i .
rate constant - Eor g%g’exchange process obﬁalned at each 7

B : partxcular temperature by thls visual shape fltting and

oV S . CN
"‘ - w8,

the temperature were\usedﬁto evaiuate the thermogynamlcy

= o

parameters 1n equatlons vI-3 and-‘I‘S by ngans of the\
| °

°Program AGTﬁN _a The re%ults are shown in Table 10.(ﬂ‘1 '

The ‘rates of“exchange k (taken to be;the peeuz:lo;’X

first-order rate) at dlfferent temperatures (T, °K) are ',v 'ﬁ

.l 'Uu

L fxtted numerically to the Arrhenius equatgons A ' *g

- s . Koo . et “ - _ ‘. T
‘ '_g o = ‘
1.1nkz.RR+lnA S o . A_l

."
‘.'w»'v

and the activation energy, Ey is.calculated-from'the'slopefﬁ

\~; of the st;aight line. Plots\of this equation for the

B

\ L
various syatems are givin in Figure VII-1l. .The assumption : ;”,”'
N

L that E, and A are temperature independent appears to Kold """f
L L ‘
_aﬁ » over the range of temperatures investigated in the present R R
. ) X 3 e : - Y :
SV, : . : . . ;
|~ N 4‘ \ .\"
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3y {1n}‘(3é.4

.Flgure VI-4. Exper1menta1 and calculaﬁFd
‘ - MHz) nmr Spectxa of CH3(CF3)I_>F3 at particuler
temperatu;es and‘approﬁriatenrates of exehange “~

ef magnetization.' The'experimentél spectra
were obtalned from 'a solution 1n approxlmately

‘50 50 CFCl :CF.2C12 contalnlng about 5% TMS.

3 : .
The«calculated spectra were obtained using a

A}

K matrix assuming an intramolecular axial-

~equatorial f;doriﬁe exchange mechanism (Table 1,

Appendix ). The frequendy scale'which'gives
-.chemlcal shift values in Hz relatlve to" P406

was measured relatlve to the CFCl3 hetero-

nuclear lock apd converted to. approprlate

LY

values of the 31P_reference.

.
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study.’” . : . ' o . ;p‘
- o In additidn, the Eyring equatibn'“.
k = K(%?)exb(—AG*/RT) . (VI-2)

where k isg the_rate"constdnt,yg thevtransmission_coefficient

-

“:>'\ " (set. equal to unity), k is the Boltzmann. constant, R the gas ..
' ' . o n .. a X N

4

constant), *h is Planck's constant and AG the"f'_ree"enerqy'oﬁ~

activation,'rearransea‘ﬁ&\substitution\bf the équality given

\in equation VI-3 into equation VI-2.

. N ' . . . 4 .‘U . ‘ . ‘ .
S a6t = ant - mast o (VI=3) |
' '\}fr;ZChs equatioanI-4:e ' e L T
A ‘ ' A S o e
- k= hexp-ant/rD)explasty T 0 (vi-a)
' .whlch waS\then rearranged to equatlon vI- -5;
A . ' ; . + ) ] * ~ . . .
1n(§)'= Int A58 . (VI-5)

h. RT - RJ

v “J N . )
ﬁe llnear plot:of ln(k/T) versus l/T, obtalned by numerical

~

data. flttlng, glves a slope equal to —AH+/R and an lntercept

* +

_equal to ln(k/h) +/AS /R from whlch AH and AS values

can be calculated. As before, kK- ig set to unity and it

*\and\AS* are independent of temperature.

.The barrier 6btained is expressed in terms of Y since

is assumed, that AH

this parameter is the ‘least sensitive. to the errors
‘inherent in these analyses,®? whereas an' ‘ana as¥ are more



.

. A, ' - o T - i : .
_influenced by error albeit in a compensating fashion.
The results for.CHé[CF3)PF3 and the other compounds . l~

studied are given in Table 13 (Chapter VII). For purposes:

of comparison”illlAG? valuésiang,given at' 298°K.

ARV

T
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.~ .+ Dpiscussjon L ,
) n . ' : - ‘/'
A number of factors must be cOnsidered'in the- - o;;~/f,

1nterpretat10n of exchanqe—broadened nmr spectra..'First,~

\

the temperature dependence of the chemlcal shlfts, and

‘to a lesser extent of the coupllng cOnstants. The latter,

: 1f pronounced, generally 1nd1cates the occnrrence of

some ethange process between two or more molecular
states. Second the posslble occurrence of more than'

one broadenlng mechanlsm. »Thlrd,'changes in solvent C

4

propertles and 1nstrumental magnetlc field 1nhomogene1t1es
with temperature, and f1nally,'1naccurac1es in temperature

., L]

measurements.

The first factor aid not 51gnxf1cantly affect the-.»ﬁ

present work because the averaginq phcnomena 51mu1ated
Do

were coupllng constantr,'not chemrcal Shlft - averaglng

) . Y '

effects, and the‘hlgh- and low—temperature llmltlng

spectra were" obtalned in all cases, all of which showed

AN

approprlate numerlcal relationships betweenihlgh,
temperature“averaqed coupling constants.and low‘tempera—'
ture llmltrng values. In one 1nstance magnetlc fleld

. 1nhomogene1ty broadenlng was suspected and conflrmed

\

It was successfully overcome in a repeat determlnatlon of
: '

the spectrum The temperature accuracy of +1 C establlsh—‘

8. ed by callbratlon, was the best that.. could be obtavned

I

-exlstlng controllers although the temperature

N . - - T : 9,' «

EEFY S SRR

. °
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Figure Vi-5 Calculated >lp - {1

. . of CHS(CF3)?F3‘at.th§‘fast—egchahge l%ﬁit._ﬁp'i
’:Mﬂintermediate ratgiénd-at the slow%eiéhange
limit'dsing_a~k mafrix cdnstrﬁct?d\fo; ah5_
'in;érmélgéuiér'exchange'mechahish. . o
: ' SR e -
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' ' B -2 . _ : .
. could be maintained to hetter than *0.5°C at any

o

particular value and no measurableltemperat&re gradients
v . o s . . oot '

existed over the length of'the'sample tube.85

The pogsibility of an 1ntermolecu1ar exchange_“'

mechanlsm for CH (CF )PF3 was ruled out. by the invariance
¢

of the spectral patterns w1th concentratlon. Further
conflrmatloh of the 1ntramolecular nature of the process

was obtalned in the case of CH (CF )PF ’ by demonstatlng

. 3

that. a dlfferent K matrlx 1ncorporat1nq an 1ntermolecular
. ) ‘ . 1
process gave calculated spectra whlch d1d not f1t the ‘

obse&&ﬁd low-temperature llmltlng spectrum (see Fig VI 5).
Flnally we con51dered some p0551b1e 1ntramolecular
pathways to see if a reasonable choice of a pathway for
the averaglng process in, CH (CF )PF3 could be made..ft'
'Two p0881ble-routes, both 1ntramolecular processes, are\
presented in Flgures VI- Gand -7 for CH (CF )pF3, w1th

[1 indicating the substltuent actlng as a pivot.. - .

i Flgure VI-6 1nc1udes an approx1mate energy proflle ,

expected for the BPR processes.
.

There are at least two p0551b1e ways of effectlng | .
' magnetlc equlvalence of the three fluorlne llgandsqfn

CH3(CF )PF3 through the BPR mechanlsm .One,;s by a
single-step process deplcted.as,(l)”E==#g(2)’

T

in Figure VI-6.

P

. f . oo s
C o . .
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Figure Vi—ﬁ Berry Pseudordtation"permutetiOn'pa hwaz,for,

the equlllbratlon of the three, dlre tly—bound
_fluorlne llgands in’ CH (CF )PF3 The ‘
Aaccoqpanyinq energy dlagram was constructed

[y

'-assuming that the relative 1ncremen§yof

ractivation energy requ1red to place CH3 in an

axial positlon is- consxderably greater than
that for CF3 referred ro\fluorlne in the

: : + axial position. - o . i
S . ~. . . ‘ /~ R ‘ o . v - . : L

L
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.

The 1ntermediate~(or tran51tlon state) spec1es structure

‘.(2) however places both CH3 and CF3 groups in axial

positlons.. Seml—emplrlcal calculatlons 1nd1cate thlS to'

.be a very hlgh energy spec1es and so thlS partlculaﬁ

- 1g. VI-G) It traverses two 1ntermed1ate 'or t

. ©

' .results hawever, may not be 1nd1cat1ve of

76

' ’route may not ‘be readlly acce551b1e to the sys#ém A

second route is. the mult1 step progpss (l)<__(3)\\h(4)

51t10n

L state) Structures (3) and (4), each of which is expected

to. be of lower energy than structure (2). Hence the

\
mult1 stép BPR exchange may prOVLde a more- favorable
route than the SLngle—step rearrangement process. mhe.
!
"turnstlle rotatlon mechanlsm however, provﬁﬂes a -

poss:.ble alternatlve route to the. BPR and has an apparent o ‘ -

advantage over the latter i
—

Flg VI -7, structures (2)f‘\3)

that the &R spegles (cf -
nd (4))need not relax to

trlgonal blpyramldal 1ntermed1ate and therefore can

uratlons.
It should be mentloned that.ab znztz 'Mb"calculations»
u51ng a, large basis set on the model com _und PH5 gave

much smaller barrlers for the BPR (2 kcal mdle) process

65

as compared to the TR process (10 1 kcal/ 1e) These:

-
the 51tuat10nA

. wh;ch prevalls in more complex molecules such as CH3-

(CE3)PF slnce the model ‘molecule was -a symmetrlcally

N
\

\\

s - \\y
. . . N
. - N B

. ) N
7 - - S . v

RSTSRIEUIUP > TS SRRTROIE R
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suhstit ed eimple phosphorane, and hence neither ligand»_“

’electronegativity dlfference nor sterlc effect wal *?

N .
Y

involved 1ﬁ the llgand rearrangement. Furthermore, the HERR
"Iauthors themselves 1mply that the very low activation -: B
energy for the BPR process arxses'frOm the’ hlgh symmetry

(C ) of the transitlon state/transient intermedlate for

v

57 1n_gontra§t>to the C_ transxt1on state 1nvolved in the o

TR process.v Methyl(trlfluoromethyl)trlfluorophosphorane,,'w”pae

PH

'CH (CF )PF3,Ahowever, possesses only ‘a plane of symmetry
' even 1n the ground state trigonal bxpyramxd.. Therefdre, .“ .
0 Y | :.1.‘:\\. A

‘symmetry consideratlons should not be of much consequence-'.

i.;k*“ the energy barr1er to the llgand averaglng process

o voe * Yy

1n thxs compound glnce the transxtlon state/transxent

3‘ alntermediate 1n the BPR is at beet of c symmetry, and

, ; certalnly not much more symmetrical than the Cl transition

1, - VS

'state 1nvolved ln the~TR mechanlsm. Furthermore, the e

d;fference in ligand electronegat1v1tiés introduces an .ol

w )

~Iadd;t1onal contr1but1on to the barrzer becauSe certaxn e

T

:’placements of 11gands become prohlbltlvely expensive'

"in energy. L - AR L e

Table 16 gives relevant xnformatlon on.the act;vhtlon

'Aenergles for the llgand averagxng processes in CH (CP )PF3,
and related xzpr (X = H, cn3, csns,vu(cn ), . €1, Br,gwl ). _ﬁ“ﬁb.
‘as well as on the XPF4 (X = CH3, N(CH )7, c1, CF-) Lo
system. “The’ Ac;';98 valué for the equulbra'non of the S

'.three dlrectly-bound fiuorlne atoms 1n CH (CF )PF3 is"'

y9.4 t 0. 5 kcal/mole. It is 1nteresting to note that

[ ) Y




 fluorine envlronments in CF3PF4 has not been achieved

even at 123°K. The hlgher barrler in CH (CF )PF3 could

be the result of the electrohlc effect of the CH3 group

1
t

since a con51stent increase ﬂn the barrler appears to

;f\\\\;ccompany .the 1ntroduct10n of CH3 ‘into a phosphorane.

For 1nstance, the AG*.value for (CH3-)2 386‘15'1738 kcal/
mole while (CF )-2PF3 Femains fluxional'eveh dowh to
148°K7' ? in spite of'numerous attempts.at resolution( 'fhe$
‘differehce ih\the baffiers ot (CF3)2PF3J CH?(CEa)PF3:and
(CH3)2PF 'is uhderstahdable'if’one aSsumes a BPR permutation,
With two methyl groups in (CH ) PF the necessary exchange

~ steps 1nvolve an axial p051t10n for at least ope CH3 (¢f.

F1g vVI-6) wlth a concomltantly hlgh barrler,\whereas placement

°

* of cr3 ln an axlal p051t10n in place of F would have a .

_lower barrler because of the hlgh electronegat1v1ty of

- the CFB group. Hence the: barrler to llgand permutatlon .
-is - lowest in (CF3)2 3;'1ntermed1ate in CH (CF )PF3
“and - hlghest in (CH ). PEB - \\\ . :

However, anomalous cases do exlst. The distinct'

ax1a1-equator1al fluorlne atom epv1ronments have beeh _

resolbed in such trxfluorophosphoranes as'H PF 87

" 23’
| 86 ‘88 87 89
(C_H3)2€F3’. (CgHg) PPy, CF; (H)PF3 - Br2PF3 . and

CléPFj,eg yet as mentioned earller\ (CF ) PF3 remalns
l - flu’xional down t'o 1486K.7'63 .The behav1or of (CF ) 3

group appears to

is not easy ‘to understand. since . the CF3

bR 4
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be less aplcophlltc than Cl26 28 63 nd Br63, and\\\

therefore (CF‘B)ZPF3 should have a higher barrier to

ligand:positional exhcange than either ClﬁPF3'or BrzPFB.

Even more unexpected is the behavior of CH,PF,, which
- ! : . . ' ) N ) J
shows a single (averaged)' fluorine environment down to

89 - ' o .
96°K, ~ whereas resolution of the axial-equatorial fluorine
atom-environments has been achieved not only in (CH )._
'NPF4Q9 but also in ClPF489

for the llgand permutatlonal process in ClPF4 relatlve

n

1mply1ng a hlgher barrler

to that for CBBPF4 Whlle it is clear that a BER,
: o . e
permutatlonwmode is open to _the XPF4 (but not X2PF )

system which does not necessitate axlal p051tlon for

the X substltuent (i.e., X acts -as a pivot), and" therefore
a 51mp1e and dlrectcrelatlonshlp between electronegat1v1ty
and permutatlonal barrlers may not. be expected 1t ls, |

,obv1ous from the hlgher exchange barrler of (CH ) NPF4

(a6 ;88 =.878 kcal/mol_e-).‘ relatlve.to that. ofgcn»r';1 :
: (AG;G = 4.2 kcal/moﬂ.that the electronic effect s o

.arlslng from the substltuent is of con51derab1e consequence'

to the llgand exchange barrlers.-_
- RN
We cannot,Tof course, rule out the p0531b111ty that

‘the lack of . observable non-equlvalence in (CF3)2PF3 and’

CF3PF4 is due to fast 1ntermolecular exchange or catalyzed
N . /‘ N A4

| dissoc;atlon procé%ses but such pOSSlbllltleSedO not

 appear likely, especially for (CF5)5P§3. o L
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molecular and not 1ntermolecu1ar in nature.

S

189.

. . ' gonclusiggs
/ Computer 51mu1atlon of the var1ab1e—temperature ' ;

/

3lP nmr spectra 1n the 1ntermed1ate exchange reglon of

CH (CF )PF suggested that the exchange process 1s 1ntra—

Both BPR and TR mechanlsms can account for the llgand
averaglng process in- CH (CF )PF3 The BPR requlres

adoptlon -of axial p051t10ns for both the CH3 and the CF3

‘.groups at dlfferent p01nts 1m the mu1t1 -step exchange route.

: These are expected to requlre high energy on account of

ﬁthe lower electronegat1v1t1es of the two groups relative -

-~

to fluorlne. A TR process need not traverse such hlgh a

’ energy spec1es and provides an acceptable alternatlve.;
"No rellable flgures are available on the’ energy requlred
to place a CHy or CF3 group 1n‘an axlal p051tlon, in a
'trlgonal blpyramld nor to achieve the TR’ 1ntermed1ate,
and hence nO/éh01ce between these two mechanlsms -can be

‘made. The 1nvolvement of 'high energy conformatlons e

1s however compatlble with' the apparent trend of the -
barrlers in the serles (CF ) PF3, CH (CF )PF3 ang.
(ca,) 2PF3- e

N o — %

O



CHAPTER SEVEN o B \
EXCHANGE PROCEéSES/IN SOME "f A

| METHQLTHIOPHosyHokANES RﬁVBALEbl

- BY 'VARIABLL-TEMPERATURE DYNAMIC \.
NMR,SPECTROSCOPY

| Introductlon o H “ o \\

."The observatlon of magnetlc non—equlvalence of the

btwo axial fluorines in. CH3(CF )PF (SCH ) (ef. Chapter V)

- and reports on similar observations in the 19F and. 31
‘nmr spectré\ofjalkylf and aryithiobhosphoranes of the
2 5, or CGHS R' =

CH3 or CGHS) prompted a dynamlc nmr. study of the

series of compounds of the type (CF, ) PF4' (SCH ) w1th_

'type RSPF, ahd RS(R')PF (R'= CH3, C

" n = 0 t:\T‘teJaetermlne the. energy barrlers a3soc1ated.
wi{h.the env1ronmenta1 averagxng processes respon31b1e

_for the hlgh-temperature magnetlc equlvalence observed

in the 19F and 31P nmr spectra with the hope of ga1n1ng

 further 1nsxght -into the nature of these processes.

The compounds 1nvest1gated herein are F4PSCH3, CF3PF (SCH ),

(CF szsca “and (cr ) pr(sca ). R

3’2 3
gégerimehtal

‘ Varlable-temperature 31? nmr spectra of (CF ) sza
(SCH ) and: (CF ) PF(SCH ) sultable for line-shape analys1s

were furnished by Dr. Kwat I. The of thls laboratory

F ,PSCH was prepared by co—conden51ng39

4 3
. ratio of (CH3)3813CH3 and’ BFS in a 10 ml reaction tube. .-

a l,l_mole« -y

190
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amultlplets. A peak at 150.4 ppm whlch showed a l:l: l L\\

RN

. BF

! . .
s A e s g b T ol L s Bt e, sy ety vt mage e o

.

-

t

Thzs was -sealed under vacuum, malntalned 1n an 1ce-water'

‘ bath for 30 mlnutes and then vacuum fractionated through

traps at -63°C, -78°C, -96°C-and'—196°c. The bulk of '

F PSCH3 was trapped at -78°C. A second fractlonatlon of

4
the mater1a1 trapped at —78°C removed traces of (CH ) SlF

'-the other product of the reactlon.

" CF PF (SCB ) ‘was synthe81zed in a srmllar\manner ‘

3

usxng al: l mole ratlo of CF: PF, and (CH ) SlSCH The“A

3

‘reactlon system was malntalned at -23°C for 1 hour.

,,Vacuum fractlonatlon ylelded CF PF (SCH ) at 78°C,

" 3
(CH3)381F at 96°C and unreacted CF3PF4 at -196°C.,
CF3PF (SCH ) was characterlzed by its hydroly31s
reactlons 1n both neutral and ba51c medrum.
(1) Neutral hy_gglyglg ' : 7,' = : ' 3'5'_
 Treatment of CF. pr3(scn ) (o 169 g, 0.828 mmole) |

| w1th neutral water for three days at’ roam temperature

.dld not yxeld CF H. Nmr spectra of the hydrolysate .

3
1nd1cated the presence of at least three phosphorus-

L]

fluorlne contalnlng compounds- ~a 31mp1e doublet .

101,

I3

(¢f'= 74. 8 ppm, J = 112 Hz) and two doublets of asymmetrlc

~‘quartet fine structure (J LS Hz) was a351gned'to

4-435 ion. The nmr spectra of the —196 c fractlon

contalnln 4compound (¢F = 50 7 ppm, J = 84 Hz),
S ST

4 ..

\\

S

_showed it to con51st of CH3SH and a phosphorus fluorlnev-v.



(ii) Alkaline hydrolysis' P o .
| Treatment of CF3PF (SCH;) (0.107 g, 0.524 mmole)

wlth about 0 5 ml of degassed saturated Naon solutlon_f'

.19

fOr three days dxd not llberate any CF3H. lH and "°F

nmr spectra of the hydroleate 1nd1cated the presence‘

of. (CH3)-2$2 (T é 7. 84).'v CF3P0 1ons,band again two

’unldentlfled phosphorus-fluorlne contalnlng compounds

(two sets of doublets of hlghly asymmetrlc multlplets).

The nmr spectra of the —196°C fractlon showed peaks

whlch were aSSLgned to CH3SH (T = 8. 19 (doubletb,
CH;

192,

T, = 9 2 (quartet), J = 7.0 Hz), ‘and (CH3) (t 7 80).

SH

The formatlon of unldentlf1able’phosphorus—fluorine

: contalning compounds in both neutral and alkallne medla

mlght have arlsen from a decomposxtlon rather than

hydrolytlc reactxon of CF3PF (SCH S Because of thlB o

amblgulty and also because the products could not be

u;dentlfled on the basls of their nﬂr parameters no

‘further elaboratlon of the pathway of" these reactlons "’

was undertaken., , B - fﬁ' ,‘ff .o



273°K. . S

A. . Ietrafluoro(methylthlo)p_psphorane.A'L

d243°K showed two very broad peaks, each nearl

“ & 193,

Resutts and DlSCUSSlOn of Dynamlc Nmr Snectra

" Since F4PSCH3 has been réported to be unstable to -

: decomposztmn3_-9 and CF3PF (SCH ) was expe ted"to behave

o

P B 8
.

“The 19F nmr . spectrum of F PSt§3 (Flgs v I- 1A & lB) at

700 Hz

i

-w1de.r The peaks sharpened as'the temperature &as lowered
' At 213°K\two dlstlnct fluorlne reSOnances weretapparent,
.lione, a doublet of trlplets of doublets, the otger,.at

hlgher f1eld was a doublet of trlplets w1th the\center _

peaks showlng 51gns of further doublet spllttlng.,

Lowerlng the temperature ‘an addltlonal-30° ylelded what"

appeared to be the llmltxng ‘spectrum w1th three{sets of

/

lffluorlne resonances, in: agreement w1th the publlshed
19 3

F nmr spectrum 9 of thls comPOund .The flrst fluorlne

-

4resonance, centered at 7 5 ppm., consxsted of - a doublet
fdof trlplets, the doublet separatlon belng 918 O Bz. Each

triplet component (3 =.90.5 HZ) was . further sp11t into a

b

.~ doublet w1th a. separatlon of 19 0 Hz. The second set, with a :
':chemlcal shift of 14. 1 ppm also conslsted of a doublet

l of tr1plets~of doublets, w1th the outer set of doublets

',1n each’ Efﬁplet component showlng quartet fine structure

and the center set, a quintet flne structure, -Further

- . ~
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_ FOOTNOTES For TABLE 11 R

oo R B S | ‘
‘ S LT A 195,

A .

a T ppm relative to 1nterna1 tetramethylsilane,'r = 10. O

b,¢ ppm ;elative to internal CC13E with_p051tive va ues

l indicating resdnance to\high field of tne‘standar
- ‘ '
ppm vs. 4 6 as external (capillary) reference, pOSltlve

Al

“values 1ndicating resonance . to high field of the standard
- N
in nnits'of\ﬂerti o -

ref. 38

o

. average ‘value

unique ‘axial environment of one F (type A), designat&d Fox
unique axial environment of one F (type B),‘desiQnated F;x
equatorial fluorine atom environments o ; '4;

phosphbrus'couﬁling with type A axial fldorine
’ phnﬁphbrus coupling with ‘type B axial fluorine

F' -F__ coupling codstant =
ax eq S . R 'l.‘"vi ‘

Fak-Feq~coupling‘eenseant e _ | .(

- . -F' coupling constant -
trans Fax ax P ‘ g consy - P

: K o . o . SN :

o cOuplingvbeEween the CF3‘gfo<§ and the type A axial. fluorines
coupiingbetween ﬁhe'CFé grbupfand the egnatdrial
fluorine - B ‘ C

ref. 27. . . . .

‘coupling between fhe CF3'group and the type B“axiaiifluor
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' Figﬁre VII-lB-,Observéd:and calculated 19py(94,1‘unz).

-

A d

' half-spectra of F4PSbH3 at the low-temperature

limit.“The‘frequenéyfscale giVes\chemicalb
. . e

- Shift.valuég relativel§o internal CFC13;
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‘-upfleld was a palr of four peaks w1th the céntral two o e

~‘pea s nearly thce as untense as the outer qet. The R S

three fluorlné resonances had an approximate Lntensity T

ratlo of 1l: l 2 w1th the set at’ hlghest fleld belng the l} . i

most intense. ' - o R

Based - on the magnltude of the chemlcél/shift and . o o

the P-F coupllné the two ddwnfleld sets of doublets f

J - - “

’were a$sxgned to the two non—equlvalent axial fluor;nes,
and ‘the hlghest f1eld set’ to the two equlvalent equator1al o

fluorlnes. The pr1nc1pal trlplet spllttlng .of the two

sets of ax;al P-F doublets resulted from coupllng w1th | '_H‘
the two equatorlal fluorlnes. Mutual COupllng of'the
._two axlal fluorlnes caused the doublet spllttlng of each

‘trlplet.component (F1g VIIle).‘ The flne structure of
N : 6 ) - ' ' - .
- this twelve-line axial fluorine subspectrum was due to
' TS
axlal fluorlnes co illng W1th the methyl protons., The';v :

v

_ add1t1ona1 spllttlng of" the central secqndary doublets

_arose from a second—order effect rather than nonequzv-;
alent equatorlalfgluorlne enV1ronments since the spectrﬂm b
was reproduced in detall (Flg VII—lA) by NUMAB\RITg0 u51ng

only chemlcal Shlft and coupllng constant parameters

)

,whlch were con51stent w1th equlvalent equator;al fluorlne . e M ﬂ&

~

atonms.. . - o T,

-

The non—equlvalence of the ax1al fluorines in the

A low-temperature llmltlng 19F nmr spectrum of F4PSCH3

has been ratlonallzed by Schmutzler et. 4;539 as arlslng N
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| . \ | L K :

... from a slowing downtof‘the P-S bond rotation, causing

the CH3 group to be closer to;one'axialﬁfluOrfne than
L 0 I S '

to -the other (Fig VII-2)

Figure VII-2 RN e

It was fur Suggested‘that the sulfur-carbon

.~ bond lay in-a common'pfane with the axial F-P-F bonds.
# :
Thls 1nterpretatlon was supported by several molecular

) orbltal calculatlons66 67 70 hlch 1nd1cated that the.

méet stable orlentatlon of donor llgands in the equa-

hY

tor1al p031tlons of a trlgonal blpyramld was the
”-conflguratlon in whlch the donor a orbltals lay in the

U/equatorlal plane.' Wlth the SCH3 group, this would

.result 1n a coplanarlty of - the sulfur—carbon bond ‘with

»

the F P-F axlal framework

Although free rotatlon of the SCH3 group about

the P-S bond ratlonallzes the magnetlc equlvalence of ‘
o o
the two axlal fluorlnes observed at temperatures of the

order of 213°K (Flg VII-lA),\lt cannot account for the

magnetlc equlvalence of the four fluorlne atoms 1n

_E4PSCH observed at higher temperatures.. lf rotatlon

3



of the SCH, grQup- about the:PfS bond were ﬁhé only:

>

averaging brocéss occurringJin F4PSCH3, two distinct

sets.of fluorine resonances cof)espoﬁding to axial and
equqtorial fluorihe‘ligigdélshould.be-consistently;,

‘6bseryed at higher temperéédres.w Obviously, some kind

of ligand positional exchange also oécurs.but_é ligandf 

K3

.permutation‘prbcéss alone'cannot efféct'magnetic equiv-

“alence of the four fluorine atoms either.' This is

shown in ‘the follow1ng dlagram (Flg VII- -3) for the model

-compound x PSR and assumlng a éPR mechanlsm of exchange

.i x

purer for convenlence.

Xl; X2 = equatorial
X ' X f‘axial 0

% -
“ ‘ ;\ - p— Xies Y ) >4
TR — S 3
I T I
1 X2 = axial = ‘
3? X4‘= equétbrial v' -

Figure VII-3

202..
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It 1s’seen that the ligand x4 would always be unlque
1f‘5 flxqf orlentatlon of the SR group is assumed To
equlllbrate all of the four fluorlne env1ronments lt ls
necessary to allow the SR group to 51mu1taneous1y rotate-
freely about the P-S- bond. Actually a full rotatlon
of the SR group is not requlred a quarter rotatlon"
suff;ces,' | |

The'proton—decoupled 31P low—temperature llmltlng
fnmr spectrum of F4PSCH3 (Flg VII 4) supports the a551gn-
ments based on the lgF nmr spectrum‘_ It con51sts of ;
‘ttwelve llnes, a trlplet of doublets of doublets. hThe-
Sthk diagram in Flgure VII 4 shows the or1g1n of the

. x

spllttlngs. - _
Computer 51mulatlon of the proton-decoupled 3lp‘nmr'

sglectrum was not stralghtforward (Flg VII»&Q he P-S oo

;bbond rjlatlon process in F4PSCH3 appears to be closely |

‘coupled thh the llgand rearrangement because only one

"K matrlx (Appendrx , Table 2) could be used to represent

two processes whlch belng coupled,must necessarlly havq_

lclose AG+ values.p Arbltrary rate factors were 1ntroduced

tlnto the K matrlx elements apportlonlng the permutatlon

land rotatxon component processes to. the probablllty of

magnetlzatlon transfer ‘in order to. achleve the best fit. Table

'3. (Appendlx) shows the dlfferent K matrlces Investlgated

and the correspondlng calculated spectra obtalned 1n

the 1ntermed1ate exchange reglon are shown Ln Flgure VII -6.



Figure'VII~4‘

31P ~ {lﬁl'(36f4 MHz) limiting spectrum of
F,PSCH, .

The frequency scale gives chefical
shift values relative to P4061actdally measured

relative to to,the.lgF heteronuclear lock and . -

converted to the‘31P'réferénce scalé. The -

stick‘diagrah'illustrateé the formation of -

 the'pat£ern.of a ‘triplet of doublets of

doublets. due to two equivalent equatorial

. fluorines and two hon-equivalent axial.

>

fluorines at’ the low temperature limit.



" 3~ ['H} (36.4 MHz) Limitin
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1
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g nmr. Spectrum
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C _ T -0 210.

P .\B.' Methyl(trlfluoromethyl)dlfluoro(methylthlo)phosphorane
| | 19

The.temperature—dependent behavxor of the F and

B ?lP nmr‘spectra offCH3(CF3)PF2(SCH3).has been descrrbed
in Chapter 5. ' In this compound the magnetic non-
equlvalence of the two dlrectly-bound fluorlne atoms
observed at 1ow temperatures can arlse from (a) a cessa-
tlon of the free rotatlon -of the SCH3 group about the
P S bond, or,less llkely, (b) a cessatlon of an 1ntra—‘ ?
. molecular exchange process whlch 1nterchanges ‘the fluorlne

env1ronments relatlve to the flxed SCH3 group,the CH3

/

group of‘whlch mus:{:oﬁ lie 1n the equator1al plane.n

. L _
Such an 1ntramolec ar exchange’process cannot - be of the

\

BPR or TR type for nelther of these two processes can

exc1u51ve1y effect the magnetlc egulvalence of the two

,dlgectly-bound fluorlne atoms w1th a- r1g1d orxentatlon

of the SCH3 group (vzde Lnfra) o A thlrd alternatlve (c),7

1s a oncerted mechanlsm,'one with the P—S bond. rotat10n.~

'_clo ly coupled w1th a llgand p051tlonal exchange process.

Interpretatlons ba ed on a ground state structure

ith two: dlfferent dlrectly bound fluorlne atoms, i. e.,AV

'~t/%/Zne axial and one equatorlal, w1th the CE3 group occupy— R

1ng the remalnlng axlal posxtaon, are omltted in’ v1ew of

-~ : o

“‘the con51derab1e, although not overwhelmlng ev1dence in

s support,of the d1ax1a1 fluorlne ground state structure.

However, we cannot rulesout the p0551b111ty that these

alternatlve structures partlclpate as 1ntermed1ates in some



Figure VII-7 .

o

F

'q

Experlmental and calcuiated 31 ~ {IH} (36'1.’
MHz) nmr spectra of CH (CF )PFZ(SCH ) at,
partlcular temperatures and approprlate rates
of exchange of magnetlzatlon The exoerimental
spectra were obtalned from a solutlon in
approxxmately 50 50 CFCl3 CF2C12 contalnlng
5% .TMS. The K matrlx ‘used to obtaln the.
calculated spectra is glven in’ Table 4,
Appendlx A. The frequency scale whlch gives
chem1ca1 Shlft va}ues in Hz relative to P 6 ’
‘was measuréd with CFCl ' as the'lgF hetero— .

3
nuclear lock and converted to approprlate

1P scale values. : ' '>‘-‘/‘



B . S | 2120
3‘P(364MHz) {'H} spectra OF -

o

R'A"TE 4'oo'o sect .

“uJL |

RATE=714 sec'.“ .

TEMP5220"I'(~lp ! ’RATE-'_ZOSOse.c ‘

 TEMP-203°K - .- RATE-33sec”

. \_7

 TEMP-190°K . RATE "7 sec”

1.

T2000 5000 6000 Hz 4000 -SWX T6000H: N
o

EXPTLQ : ~ CALC.
o Flau ‘VII\-7. : | -




T ) L L& 213,
A% ) 7 ‘ C . e L L

ST - .
; ‘\‘htramolecular fluorlne exchange mechanlsm. - .
/ . | The 51mp1est~1nterpretat10n whlch sufflces to explaln

_/ ) 'the observed behavlor of the spectrum is- the p- S bond ‘

.rotatlon mechanxsm, (a), but because the K matrlces for *
'mechanlsms (a) and (c) are 1dent1cal (Appendlx ‘, Table 4)
these two processes cannot be d1st1ngu1shed from each
other:

s 'i-

The approprlate rates of (a) and (c) are hgwever'

2
©

related by a factor of two and thls has a small effect R

N '

on the derlved thermodynamlc"parameters.f The_barrlers

' were evaluated for both . the rotatfon,‘(a), and conQQSESQ" L
\rotation - "pseudorotation"‘process, (c). . The AG;98
‘ value for the concerted mechanlsm is" sllghtly lower o

than" for the oure rotatlon mechanism (cf Flg VII -7 for

~

‘a comparlson of the calculated’and‘the ekperlmental,-

<

fspectra).t.. . j o ~‘g e R

(-3

and p091tlonal exchange in cH, (CF )PF (SCH ), T"r\;\

'1f consxdered 1ndepe ly, would anOlVthlgh epergy

) spec1es for a BPR mechanlsm, or a\compllcated interchange_

I
5

‘_,Of pa1r and trio components for a TR process, whlch may
' prov1de a lower energy barrler. These two mechanlstlc-

‘routes ‘are deplcted in Flgure VII 8 with“[ ] to 1nd1cate ®

-
.

the substltuent actlng as & plvot in the BPR route.

PN
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' spec1es (l) in Flgure VII- 8B. Flnally,blt'ls obvrous from

S e 216,

nFigure VII-8A shows that all three possible single—
step routes employlng a BPR mechaﬂlsm 1nvolve the place--
ment of substltuents of lower electronegat1v1tj compared

to fluorine 1n»ax1a1 p051tlons, therefore intermediates

- of high eneJJy would be requ1red " An equivalent'ligand»

permutation via TR mechanlsm can av01d such hlgh energy
1ntermediate5’but this mechanistic pathway invdlves an
1nterchange between the palr and trio components of the TR

4
Flgure VII 8 that llgand permutatlon _process alone, elther
via BPR or TR mechanlsm, cannot equlllbrate the two dlrectly—‘
bound fluorlne atoms in CH (CF )PF (SCH ) unless the |

SCH3 group is assumed to srmultaneously rotate freely

about the P S bond

L]

cC. . Trlfluoromethyltrlfluoro(methylthlo)phosphorane.
o 19

The F nmr spectrum of CF PF (SCH ) (Fig VII-9)

. 3
.at 273 K (tﬁe hlghest temperature 1nvest1gated), con51sted

of (a) a very broad ‘doublet, (¢ = 23.2‘ppm, lJPF'= 1000 Hz)_
‘due to fluorlne atoms bound dlrectly to- phosphorus,-(b) a
doublet of quartets,-(¢ = 69. 2-ppm, ZJP -F of 168 Hz) due

| to . the CF groups, and (c) a 51ng1e broad band (600 Hz w1de)

3
centered at“81 l pPpm whlch con51der1ng the low” temperature

-.spectra, must be one- half of the second P F resonance hav1ng

-an estlmated chemical Shlft of 75 7 ppm and lJP -F of

approx1mately 1050 Hz.' At 273°L axlal and equator1a1

J

R TR o : - . o B aiationd - - e S e LN T P
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L'; In the lower’ fleld reglon were two set of doublets of

- | \w . 219.

. fluorlne atoms are non-eaulvalent but the system 1s in
k) .
an 1ntermed1ate exchange condltlon and the llnes\are

_changes in the/appearance

very broad At 243 K dlstlnc

,’and spllttlng pattern of the s ectrum were observed the
broad doublet downfleld became a doublet of broad doublets,
the central peaks 1n the quartet omnOnent of the central

fleld doublet (CF resonance) broa ened and were seen to -

be of lower helght than the outer pe.ks. Furthermore, an
"'1nc1p1ent trlplet appeared in this re 1on, partly'hldden.
:under the hlgher fleld quartet compone t. The limiting‘
spectrum ‘was obtalned at 173°K, the apo' rance ofhwhich is .
rent fluorlne

\

env1ronments arlslng from one equatorlal f uorlne, tw -

. consonant w1th an. a551gnment of fOUI'dlf»

:bdlfferent axial fluorlnes, and one equatorlal CF3 grou .

doublets of quartets,‘correspondlng to the two dlfferent
.axlal fluorlnes[ thh the prlmary doublet separatlon of
1927 Hz and 1057 Hz, respectlvely. Centered around 68.7 PPm
. was'a doublet of trlplets of doublets and ‘was a551gned to
‘.thﬂe\-CF3 group. At thlS temperature the “trlplet" whlch

lay underneath one of the components ‘of the CF3 51gna1
-became much more obv10us ‘and was a551gned as one—halﬂ'ﬁt
Ithe equatorlal‘F SLgnal._ The other half of thlS equatorlal
F "trlplet" lay about 1000 Hz upfleld from these overlap— ‘ :
.plng 51gnals.A In -the h1gh field portlon of the equator1a1

fluorlne resonanCe the central peak of the 't!&plet" showed




SLgns of doublet spllttlng. ‘The pattern is best assigned.

220.

as a doublet of doublets w1th two nearly c01nc1dent central

.

peaks because the two coupllng constants have 51m11ar
'magnltudes (86 Hz and 72 Hz,vrespectlvely) Although the'
ax1a1 fluorlnes are clearly non-equlvalent in the low--
.temperature 11m1t1ng spectrum, the CF3 fluorlne s1gnal

is an apparent trlplet because the ‘two coupllngs of the
CF3 group to the dlfferent ax1al fluorlnes happen to have
the~same magnltudeh The temperature dependené% of the CF3
subspectrum:was.shoun.tolbe a rate,‘not a.second-order
effect. | RN -

Con51deratlon of the low temperature spectra and the

relatlve magnltudes of the spectral parameters, esoeclally

.coupllng constant values (Chapter V).lead to the conclusxon

. that the ground state structure adopted by CF3PF (SCH )

at the low-temperature llmlt lS that shown in: FlgurEm¥$§;lO

and is thus 51m11ar to that of F4PSCH3 R W

7 .

era
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.

_?igureiVII-IO

The aX1al—equator1al F llgand permutatlon is further

'substantlated by the temperature dependence of the CF3

{2

:subspectrum in each of the lgP nmr spectra (cf Flg VII 9).
Computer-51mulatlo@ of these subspectra 1n the 1ntermed1ate
exchange reglon was attempted to . see how the AGgg8 value_k
obtalned from thlS sxmulatlon would compare w1th that

~".’obtalned from the varlable—temperaturexslp nmr Spectra.h

Table 5~ (Appendlx) glves the K matrlx,and Flgure VII -12

'hthe ccmparlson of the calculated and the experlmental

spectra. "',’ . v 1 Y
d 31

: The proton decouple P varlable temperature nmr

‘ spectra (Fig VII-ll\ were even more 1nterest1ng. At .!

293 K 1t conSLSted of a quartet of quartets._ The 1nten51ty

J.»:_ .




Figure VII-11 hExperimental 3;? . {IH} (36.4'MHz) nmr spectra

‘ of CF3PF (SCH ) at the’ hlgh— and low—tempera-
ture 3x<Hange llmlts 1nd1cat1ng the two o ‘
.dlstlnct and separable exchange processeS‘
occurrlng 1n the compound. The spectra were
-obtalned from an approx1mate 50 50 solutlon in ’
VCFCl :CF C12., Chem1cal Shlft values 1n Hz'w'

. were measured relatlve to the 19 FV(CFC1 )
heteronuclear lock whlch were subsequently

l
converted to the 31P reference (P O ) scale.

_ The spectral 1nten51ty ‘ratios at 243° are not

deal because the two averaglng processes are
‘not completelysseoarable,'1.e.,jthe rotatlon
e :.\:“f;.: 'slows down 51multaneously W1th the. "pseudo—

"102

L ' -M'rotatlon albeit at a much slower rate.

The term‘pseudorOtation as used here refersf
to a general 1ntramolqgu1ar llgand exchange
w1thout 1mply1ng any partlcular mechanlstlc -

pathway. See reference 102.

‘.r Aiq
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" 3p(36.4 MHz) ~ ['H} Spectra of

s

— _‘__ZJ'F l, : . . . =4 >
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 TEMP.-173°K (Rotation) . = - - |
H————‘j—r-—’i i e R O\
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-3000  -4000 _ -5000 6000 -7000 Hz

Figure VII-11 i'



_

: Figure'VII—lZ -Qbserved and calculated 31P1F {1H} (36.4" MHz)

nmr. spectra of CF3PF3(SCH3)Vat particulér

. i . . ' . ® .
‘pemperatures and appropriate rates of exchange-
& magnetization. The\experimental spectra

.Fwere obcained from a solution in CFCl /CF C12

The calculated spectra were obtalned usxng

‘two dlfferent K matrlcesJ(Table S5, Appendlx
A) for the two dlstlnct and separable,'
.,exchange processes occurrlng in CF3PF (SCH Y.
The frequency scale whlch glves chemlfal-
Shlft values in Hz relat1Ve to P406 was
jmeasuredLW1th‘reference}to CFC13,aS'the
 hetercnuc1ear FQF lock and.sﬁcsequeptIQ

converted to .the 31P scale,A

' 1]
\

The term pseudorotati6n~as\used here refers
"to a general 1ntramolecular llgand exchange
w1thout 1mp1y1ng any’ partlcular mechanlstlc‘,’

pathway.‘ See reference 102. | ' .
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ratios'and’widths;oflthe.central quartets'suggeSted that.
the changes‘were duento a*reduction of\the rate of a
molecular~process, in particular ‘the averaging;of:the ‘
three dlrectly ~-bound fluorlne env1ronments ' Further |
changes were obserVed as the temperature was lowered,and

T at 243°K, the spectral appearance and spllttlng pattern

'Vindicated twe dlfferent-fluorlne,env1ronment5’ seenz

by phosphorus,'lmplylng complete cessatlon of thegligand

G rearrangeﬁent process which was equlllbratlng the 'axial

R

.and equatorlal fluorlne env1ronments.‘ At the low rate
(temperature) 11m1t the spectrum constted of a doublet
of trlplets of~quartets con51stent w1th-phosphorusp |
coupllng to one equatorlal fluorlne atom, two axlal
fluorlne atoms, and the three fluorlnes of the CF3 group,

i respectlvely.» The anomalous band w1dths and\lnten31t1es
arose from a concommltant slow1ng down qf a second
lntramolecular averaglng_process, cne whlch rendered

the two axlal fluorlnes equlvalept, and whlch can be

most reasonably ascrlbed to the free rotatlon of the SCH3

. group about the- P- S bond. The llmltlng spectrum,

obtalned at 173°K, con51sted of 32 lines and was 1nter*

+

preted as ar151ng from a maln, P-F ax1a1 doublet‘\\\\\\

( JPF 1057 Hz), each component of wh1ch was further

spllt 1nto a doublet due to- phosphorus coupling -with

226.

. the other axial’ fluorlne ( JPF;'— 927 Hz) The components :

‘of thlS doublet of doublets suffered addltlonal doublet

-




. n ’ ‘ . 22'7.

-

spllttlng due to coupllng with the 51ngle equa(orlal

fluorine ( JPF = 1027 Hz), and flnally quartet spllt-'
. eq :
tlng from coupling w1th the CF3 group (Flg VII 12). y .

There are therefore WO averaging processes in

'jCF3PF (SCH ) and the dlfferen in the potentlal barrlers

.between the. two processes 1s suff1c1e to permlt indi=
- vxdual-analy51s ‘As in F4PSCH3 neither one of £ -ocesses

alone can completely account for the spllttlng patterns
\and 1nten51t1es observed 1n the 1»9;‘ and 31? nmr spectra
in the hlgh and low temperature llmltS. If the llgand . ‘:,{‘
posxtlonal exchange in CF P? (SCH,) is con51dered only -
'.1n terms of elther the BPR or the TR mechanism,. the
l‘latﬁer would seem to ‘be the more favorable route (cf
| analogous dlscu551on on CH (CF )PF3, and the correspondlng
';.lllustratlon 17 Flgure VI 7) since it would preclude A
fhighgenergy specles w1th CF4 and S¢H3 in axlal p051t10ns
‘in‘a TBR. . ST T “} R
Flgure VII—12 shows a compar150n of selected '.
31

‘.experlmental and calculated - nmr spectra in the 1nter-

medlate exchange reglons for each process and fn:p whlch

i

. the: barrlers were determlned.v

\ D;', Bls(trlfluoromethyl)dlfluoro(methylthlo)phosphorane-

' The\proton—decoupled 31, nmr spectrum (Fig VII-13)€f

:of (CF l-PF-(SCH~)“at 300°K comorlsed a_trlplet»of/septets

-con51stent w1th phosphorus coupllng w1th two types of
.

Tk - N o
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. - ’ L '
fluorine environments: axial directly-bound fluorine

~ atoms .and six fluorines on the two trifluoromethyl groups.

230.

The spectrum at the low temperature limit, which consisted.

' of928-lines,‘a doublet of doublets of septets, strongly

suggesting loss of magnetic equiValence of the two axial

'flucrines,.was ass;gned«tcrthe‘gqouhd.state structcre

 Figure VII-14:

C .
r Hy 3
\‘ lnF’ ‘ »
' i
-1 . . 0 -
Figure VII-14 |
.
" Again the 1nvar1ance of the 2JP F value w1th

‘temperature suggested-non—exchanglng equatorial‘pbeitionep

of the.éF L

Computer- 51mulatlon of the varlable temperature ;
proton—decoupled 31P nmr spectra gave a. reasona y good .

34

f1t with the exper1menta1 spectra as shown by a selected

set of data- spannlng the 1ntermed1ate exchange reglon
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.of (CF

S S L T

(Flg VII-15). From these and additional” data, the.t N

energetlcs ‘of the exchange process were derlved

Lo

E; Trls(trlfluoromethyl)fluoro(methylthlo)phosphorane.

The proton decoupled 31? nmr spectrum (Flg VII- 16)

3)3PF(SCH ) at 273°K con51sted of a doublet of

, elght lines Wlth the 1nten51ty ratlo of roughly l 4:9: 1o.,]

10 9: 4 l,approxlmatlng that of the central elght lines of,

a decet whlch would appear to'obey the ratio 1:4: 9l.14-

114 s9l.4; 71, suggestlng the equlvalence of the three CF3"

3

: groups.' The breadth of the peaks suggested however, that'

a rate reductlon of .some 1ntramolecular exchange process

k)

" was respon51b1e for the appearance of the spectrum A'

d'llmltlng spectrum was ‘obtained at 213°K whlch (Chapter 5)

>'1ndlcated the ground state structure 1llustrated in

Flgure VII—17 5%

d_?‘ﬂ S a\\~5'¢F“ ;jﬁ;7:

Figure VII-17  :
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.The spectrum at. 213 K comprlsed a doublet of "quintet" of-
quartets The ratio of the band 1nten51t1es in. the qulntet
grouplng was closer to those of the.central flve lines of a

: septet (6 15 20: 15 6) than those of a real qulntet (1 4 6-
4-1) ‘ The spectrum was 1nterpreted as. arlslng from a SDllt—
'tlng of P-F ax1al doublet compouents 1nto a septet due to
'coupllng Wlth ‘the fluorlnes in the two equator1a1 CF3 groups L
and further resolved into quartets from coupllng Wlth fluor*

1nes of the: ax1a1 CF group The magnetlc equlvalence of

3
lthe three sets of CF3 groups observed at hlgher temperatures

:‘:ls therefore llkely due to a llgand rearrangement whlch
aVeraged the two CF3 env1ronments. \

It must be emphaSLzed that the observed spectra have "
been 1nvest1gated only: between 263° and 213°K and ‘do not.
‘_prov1de any ev1dence for a fixed: orlentatlon of the SCH3
group relatlve to the molecular plane. We mlght expect SCH3
‘rotatlon to cease at very low temneratures comparable to/v
those requlred for (CF3)2PF (SCH ) and CH, (CF )PF (SCH ).

’However, the very low temperature spectra whlch mlght reveal

" the effects of thls add1t10nal process in. (C )3PF(SCH )

'were not 1nvest1gated because the 51gna1 to nOLSe ratlo of

. the spectra was’ poor,~and because the effects of magnetlc
non-equivalence on, the ax1al CF3 portlon of the spectrum are

) probably‘small. Furthermore, by analogj w1th the analogous

.systems Such'as (CF3)3PFN(CH3)2,)(CF )3PF(OC%J), etc,92 the

7

spectra are 11ke1y to be very complex and may not be 1nter—"

' pretable.. The only process revealed by the nmr, spectra of
. : e



'Figure VII-18

Observed and'calculated'3;P-~'{IH}‘(36.4 Mﬂil.

‘nmr spectra of'(CFj)jPF(QCHj) at particular

temperatures and appropriate rates of

]

. exchange of‘magnetization; ‘The‘experimental‘

spectra were obtainedufrom a solution in CF2C12

and the calculated spectra were obtalned

f_u51ng a K matrix constructed for a.

"pseudorotat;on. (cfﬂ‘ref. 102) mechanism

of excﬁange.' The. frequency scale gives the_
chemical'shift values iniﬁz relative to. |

‘P 0. but was measured relative to CF2C12 as

476

1
the 9F heteronuclear lock and converted .

'_to the 31? scale.
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31p ~ {1} (364 MHz) half -Spectra of
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(CF. ﬁ3PF(SCH ) is therefore the permutat10na1 1nterchange

of CF groups.between axial and equator1a1 sites.

It is worth noting that thelz‘JP P values obtained at

the hlgh temperature llmlt are. the average of the two.

dlfferent-zJP_F values obtalned at the low temperature

~ limit, in support of an-exchange process 1nvolv1ng 1nter—

'chinge of CF3 groups between aXial-and'equatOrial'positions‘~_
in

a trigonal bipyramidal-ground state structure.

Computer—31mu1atlon ofxthe varlable-temperature

oo 031
upled P nmr spectra at varlous rates gave

‘tuld be fltted reasonably well to. the

ra, but the large amount of background

~

*

in'the’AG value. - A selectlon of exper1menta1 and

N

calculated spectra used to calculate the rates of exchange

are lllustrated 1n‘F1ghre<VII-18, The K matrlx used to

generate'the spectra is given in Table 6 (Appendlx).

Energy ‘Barriers

a‘greatérﬁérsgr in the-fitting proce ure-and consequently,
: K _

a

:perimental spectra_(Fig VII—16;18).introduced

The thermodynamlc parameters for the serles of compounds '

‘.

‘1nvest1gated hereln are given 1n Tables 12 and 13. The-‘

lln;ts of grror glven are greater than those glven by ‘
the numerlcal ana1y31s 1n order to compensate for flttlng

'errors and other factors. The last‘column descrlbes the.
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. Table 12
Free_EnLrgy of Activation for Exchange
in Some Phosphoranes?
"Compound'  . ”AG;QQ (kcal/mole)’  Averaging Process
CHS(CF )PF - 9.4 + 1.0 . -*PseudorotationJ)'
.__'@ﬂ‘ (CF )PF (SCH ) . 10.6 + 1.0 :_ Concerted Mechanlsm
R ~ ' 11.0t 1.0 ,  <Rotation
.. EpsCH; . 1l :1l0 "pseudorotation™ plus
o . S c ' : '  U‘some.rotatidn 5
CF,PF (SCHy) .~ 12.8 * 2.0 "pPseudorotation”
j . | 110.2 £ 1.0 ' Rotation |
‘QF3)2PF2($CH3). o 1°f°'* 1.0 Rotation = .
e (CF3)'32£(SCH3)'j o 11.5 ¢ 3.0 "Pseudorotatlon"b (?).
. _a.Eull_;hermodynamié‘parameters dréngiveh in Iable,18. T
See reference 102
4.‘ 4 y
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x\Figure?VII—l9

»

-..__(CE 3.) nPF

»

-Arrhenlus plot of rate ¢onstant. P (the pseudo '

flrst—order rate) vezsus '1/T for CH (CF )PF3,_

‘CH (CF )pF (SCH ) and the serles of compounds

2

:4-n(,SCH3). (n = 0, l,‘ 2, 3). The terms»

- rotatidn and p'seudo;o'tation- refer to the

various prpcesses upan which the magnetiza- .

_tion transfer matrix construction was ba‘%_ed.

» % B

]
se o
. n
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i .y a1

E _ s
VARY

. 4‘7.‘ . l 4 . w . b | o /, .. . » .
| 1 CHy(CRIPF, -5 F,PSCH, »
2 (CFy), PF (scr/i ) - M6 (CF), .PF(SCH,

3 cr, PF,SCH,
vy
’l ib puudocotoh%a

I

a ro'ohon i

*

| '} CfH (CF )PF LCH, o psoudocotahon &rofohon
/ . b _rotohoq- alone -

|

~

v
‘Ef-fi‘gure VII-1P ‘

A -
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p0551b1e nature of the averaglng orocess. Figure VII-19

shows a plot of the pseudo first order rate k aqalnst v

-

temperature.

. The AG;98 values obtalned for CFBPF (SCH ). were taken

as reference values for thlS serles of compoundg‘prlmarlly
because the’two poss1ble averaglng processes were dljﬁﬁnctly

separable in tiis compound. - %
The AG\(value of 11.0 ¢ 1.0 kcal/mole obt@”

. F‘PSCH3 is best ascrlbed to a COupled rotatlon- pseudo-,

rotatlon process As was 1llustrated in Figure VII 3, .;..j}°

.

51mp1e rotatlon of the SCH group alone camnot effect the

magnetic equlvalence of the four dlrectly-bound fluorines' ’ }fi}<3

3.

’»observed in the hlgh—temperature llmltlng spectrum of

F PSCH3. A satlsfactory fitting: of -the calculatéd wn:hwr

4
: LS’)
. the exﬂirlmental spectra 1n the 1ntermed1ate exchange \i ;o

4

.reglon was obtalned only when a coupled'_effect'was g 19 i

Wi L i el

considered in- the constructlon of the K matrlx. _ -“4. . \
. A barrler of 10 6 t 1 0 kcal/mole was evaluated for '
a concerted averaglng process in CH (CF )PF (SCP ), and
11 1 1~0 kcal/mole for a pu§e rotatlon process.« we
Asuggest that the latter process alone 1§'responsihle for
hthe averaglng of the ax1a1afluorlﬁghenv1ronments pr;marlly
on the basis of the observation that the CF3 subspectra
f L

‘1n the‘lgF nmr spectra dld not show any drastlc change ’

}w1th temperature ln contrast w1th the P-F reglon. ‘It is

N 2

not.p9551hle to5concluslvely;select.thevprocess ;nvolved

"
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on the basis of| e ther AG* values or the .spectral behav1or.

298

|

{

J

H
' The AG* ya%ue of 10 0 '1 0 kcal/mole evaluated .
for (CF3)2PF2(S 5

) is 'closer to the rotatlon barrler

.of 10.2 l.O‘kcaﬁ/mole obtalned for CF,PF 4 (scn ) than

- to the-"pseudoro atlon n102' barrier of 12.8 ¢ O 2 kcal/mole

'jfor‘this same compound, and therefore the barrler 1n

. (CF PFZ(SCHs) Ls a551gned to P- S bond rotatlon prbcess.

3)2 _
 This asSignment 1s in accord w1th the observed lnvarrance

P F-
been 1nterpreted as 1nd1catfng flxed p051t10ns for the,' ‘

of the 2 value w1th temperature whlch has prev1ously ' R

~

CF3 group 26_ In thls case thls should be the equatorlal

..positlohfsnnce CF3 has a lower electronegatlvrty than ‘ﬁw‘hp )
| s ‘,"H' \~(’h‘:.“‘,
F and tHerefore should have less preference‘f?? the e

~ Py B
’ ,_.. . L

v

axial p051tlons.j Furthermore, ‘because of the fbuer

N R
1S f} St
‘f\#.i‘

_lelectronegat1v1ty of the CF3 group coﬁpared o F, ﬁbgﬁ.
102 éy‘*“’;’ua&w " ’gg.@
~potent1al barrier for a pseudorotatlon averaglng

-

;

0

process would be expected to increase upon replacement
of _one of the fluorlne atoms in’ CF3PFQKSCH ) w1th a CF3
group to' fornr (CF )ZPF (SCH ) : Therefa-‘ a AG;9 'e E
at least equal to that for the pseudorotat10n~ value ¢

&

(12, 8 % 2 0 kcal/mole) 1n CF3PF (SCH ) would be expecte

hfor (CF3)2PF (SCH ) assumlng of course a similar pseudo—
S L
rotation” mechan15m~for the two compounds._'- C o l; s
A act. Value of 11. 5 i 3. 0 kcal/mole was, obtalned S
298 ﬁgp
for the aVeraglng process in (CF3)3PF(SCH3)'WhLCh is - “”‘4:'

a551gned to a pseudorotatlng rnterchange of CF3 groups



")

‘between axial and equatorial environments. 1In view.

of~the relatiVely large limits of'error in-thisecase fhis

can bé regarded as comparable to the pseudorotatlon"1027
, _ .

bairier exhibitednby‘CF PF, (SCH ), whlch 1mp11es that - -

3
the eneréy barrlers are not greatly dependent on the

mass of the pseudorotatory substxtuent. Whether the

/

- 247.



Conclusions‘

. v C : ‘ _
Line shape analyses of the proton-decoupled 31P

- nmr spectra Of F PSCH , CF PF (SCH ), (CF PF (bCH )

- 4>y CF3 3)2 o
) and (CF ) PF(SCH ) suggest that- " (a) two processés are

248,

. ' 102
. clearly dlstlngulshed in CF3PF (SCH ), theu"pseudorotatlon"

eand the rotatlon of the SCH3 group abOut the P~ s bond
(b) the AG+ values of 10.0 & 1.0'and 11.0 + 1.0 kcal/mole
‘;obtalned for (CF3)2PF (SCH ) and CH (CF )PF (SCH )
respectlvely,are con51dered 1nd1cat1ve of a pure rotation
fprocess 51nce there 1s ‘'no spectral: eV1dence for a CF3—F
ep051t10na1 1nterchange. These AG* values ‘are close to
the lower of the two vaLues obtained . for CF3PF (SCH )
..whlch is ascrlbed to the P-S rotatlonal barrler. -The
”;ngher value of 12.8 ¢ 2.0 kcal/mole is attrlbuted to a

p051tlona1 lnterchange process Whlch averages the ax1a1

and equatorlal fluorlne atoms._ Also (c) the ptbcess'which'

o equlllbrates the four f‘&%rlne env1ronments in F4PSCH3 is

a coupled comblnatlon ofﬁboth pseudorotatloﬁ‘iﬂz and P-s

.bond rotatlon from whlch only one barrler was: obtalned

L



CHAPTER EIGHT

PROPERTIES OF SOME TETRACOORDINATE
PEIOSPHINE OXIDES AND SULFIDES R
.‘ “ ;. c i : .. : * ... . .

The compounds CH (CF )P(O)F CH (CF )Pf%)Cl,

VCH3(CF )P(O)OCH3 and CH (CF-)P(S)Cl were obtalned as.

A

M"

descrlbed 1n Chapter 3, as by products 1n attempts to

ynthe51ze some.. phosphoranes These tetracoordlnate

ﬂhrophosphorus compounds were characterlzed through hydroly81s¢
;»/' .
’reactlons, nmr, ir spectroscopy, and mass spectroscopy.

~

One aspect of Letcher-van Wazer theory58 of phosphorus’
chemlcal shlfts, the add1t1V1ty relatlonshlp, was applled

to the present series of‘tetracoordlnate phosphorus,w

. compounds Letcher and van Wazer ‘have demonstrated by

P
z.

»)»a.

examples that phospherus chemlcal shlfts are, to a flrst
65, 7\5 s R -\f"‘

»approxlmat1o@§§determ1ned by the nUmber and klnd of atoms

o 4 .
dlrectly attached to phosphorus and that the chemlcal o

shlfts are v1rtually 1ndependent of molecular charge.

The add1t1V1ty concept of Letcher and van Wazer58 -

‘fsays in effect that each dlrectly—bound substltuent in
T a phosphorus compound has a fixed contrlbutlon to the

noverall chemlcal Shlft An emplrlcal treatment was

3.

developed :in 1962 to accommodate the large dev1atlons -

hfrom add1t1v1ty whlch were known to exist. It was held

A

"fthat (a) the dev1at10n from aéd1t1v1ty 1s generally

‘negatlve, -and (b) the. completely mlxed tetracoordlnate

i .. 249
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o

phospho;us’compoﬁnds, MPZTX (M = oxygen or suifur) are

covered by the same rationale as the MPZéT type of

' compoﬁ?ds;' In other words, values-of partial'COntrihutions_

of spec1f1c substituents can be used to predlct the 319

“chemlcal shlfts of phosphorus compoundé/ For a completely

'mlxed compound MPZTX _the 3lP chemlcal shift is given
_ be “7 , o "A‘ . 5 ‘ m,. g :f’ - -
SmpzTX % ‘Gméz +.§MPT;.+-6M;h TR L '(Vil-i)‘.
, _ T3 s 03 B g . ,
‘and Ehéjasyiahion: |
bE =5, BT T e (VI1-2)

‘ --°p
IPobserved -/jflculatgd ‘ R
’ . R L o . ' N ‘ N Lo ?'..'_
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. Characterization of Methyl (trifluoromethyl) -

phosphine Oxides and Sulfides.

A. 'Hydrolytlc Reactlons. N - - ;

ﬂ(l) Methyl(trlfluoromethyl)chlorophosohlne oxlde

Methyl(trlfluoromethyl)chlorophosphlne ox1de (0. 126 g, .
- 0.759 mmole) was agltated w1th 0. 5 ml of saturated NaOH ‘iﬁﬁﬁﬁi
solutlon for one week at room temperature. Vacuum ) ;

_fractlonatlon ylelded CF_H (0 0525 g, 0.750 mmole) collected

3
- at —196°C,and CH3PO3 whlch remalned in the aqueous oy
‘solutlon accordlng to the ln nmr spectrum of the solutlon. v .

Neutral hydroly515 of CH (CF )P(O)Cl (0. 050 g, 0. 300

o 19
' mmole) gave no CF3H Nmr spectroscopy ¢ H, F) ‘of ‘the

aqueous solutlon showed the presence of the CH (CF )PO_~

: 34 - . , -
ion.™" S .

[

2

h

”(ii) Methyl(trifluoromethyl)fluorqphosphine oxide

A

Treatment of CH (CF )P(O)F (0 040 g, Q. 410 mmole) thh
. 0.5. ml degassed sa?prated NaOH solutlon for one week at
:,room temperature ylelded CF3H (0 0173 g, 0 25 mmole)
collected at —196°C, ‘and CH. P03 and F_ ions remalned in
the aqueous- solutlon. o 4. l' .
;53; Treatment of cn (cF, )P(O)F (0. 096 g, 0.64 mmgée) |
wlth water ylelded no CF H. -Nmr spectroscbpy of the- )

‘aqueous solutlon lndlcated the presence of CH (CF )PO2

and HF2 1ons,



-

.‘ ?‘\‘ :

i 4

(111) Methyl(trlfluoromethyl)(methoxy)phosphlne 0x1de

Treatment of CH (CF )P(O)OCH3 (0. 040 g, 0 244 mmole)
with 0.8 ml’ degassed saturated NaOH solutlon for 10 days
._ylejﬁed upon vacuum fractlonatlon, CF3H (0.028 g,

. 0.240 mmole) in the volatlle fraction and CH3P03\ ions -

.and CH3OH in the aqueous solutlon accordlng to lH nmr.

Nektral hydroly51s of CH (CF )P(O)OCH (0 103 g,

3
0 496 mmole) ylelded .no CF3H. lgF and. 1H nmr spectra

of. the aqueous solutlon 1nd1cated the presence/of CH3OH

and’ CH (CF )PO 1ons 1n a 1:1 molar ratlo.

»'ﬁV) Methyl(triffuoromethyi)chlordphosphine sulfide
No quantltatlve characterlzatlon was done on’
_ CH3CF P(S)Cl because a pure sample could not: be obtalned

\

The compound was tentatlvely 1dent1f1ed by means of T f\

_ 1nfrared, nuclear magnetlc resonance, and mass . spectroscopy,

S

252.
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Sl
&

o $ Tetracoordigéted
Phosphorus Compounds : )
; — e
CH,CF,P.(0)F cn3cp3pfo)c1 cn P(O)(OCH ) CH;CFBP(S)Cl Assigndenc
1420 w C 1411 w SRS S lom o cH
1340 8"~ - 1316s © T1320m " - npSo
1300 m -~ : 129}.- m 129§ m 'l>295; m ‘-o's"ymC“.j :
12208 1211m 1236 m 1206 s )
‘1160 s 1176 s~ 1151 s . - 1170 s ; Vep
- 1156 s - 1150 s “F3
- R 1050s - P-0CH,
9208 . :92lm  903m ° " . 9108 z P=CH}
883.s° . 893m - 8% m 885 s - '
850 s [ - ’ i ' - . :
- - 809w
~765m 766 m o157 w
. 730m - 739 m 727 w
T S R
540w . S6l's il o= o=
- . 829@m - . = .-
T 4808 47Lw o 499 m i 4008 ) ¢
T 420m 444 & C46bw T 4058 0t v, o
‘ s 4010 W ‘ e - - 3

-Gas_phase spectra, arﬁ values iniem l; si=\strong,
m = medium, w = weak, v = stretch1ng, o.= deformation,
sym = symmetric; as ; antlsymmetrlc, ? =.verv tentative.

A ' o ’
These a551gnments are tentative, and. based malnly on avail~
able -data on related compounds. See for 1nstance,.ref 41, -
"103. C . : :

.
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- . . //. K o ‘ W T
- . .5 , ,f . “.wIABLE 17 . ‘ EE
’ / . - . ] . .:J‘
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‘A, ¥Ldfolyt1c Reactlon. C "' o _
. - The hydro;ytlc"reactlons bf the phosphlne ox1des
. are summarized. by the followlng equations: .
: " ? N . S
- ¢ AR . SR TG
————— H,(CF,)P (0} X +- 208" ~_4c5‘_.;Po3‘ 4+ CFH+ HX (VII-2)
. + —— . . . -
. CHY (»'C‘F3;)P(9?x + H,0 —=CH, (’(:F3)1>o2 HO+E S (V11-3)
R : o S
e o o X =F, Cl, ocas, S
" - - . -‘ . .

Ty
’ Ay

: ~'at 522 in, cn (’CF )p(o)c1, an‘d at 4755 532 cm “1 ;n cn xcnsﬁﬁ&*“g%ﬁ‘

w3

e In neutral medla HCl is d1ssoc1ated and HF forﬁﬁ

'-fﬁézfa In alkaline medla both HF and HCf glve the hallde

‘ions F~ and Cl ' pespecnlveiy. dae sl

s

oy
CET . e . .

y.B.,- Infrared Spectra o ' "'A §?&;‘
‘ The 1nfrared speqtral bands of the phoSghlne oxides -
v i
and chlorophosphangasulflde indlcated by characterlstxc'

Do

o absoibtlons the presence of major structural unlts 1n1

A

’-1nten51ty absorptlon bands between 1295 1300 cm. ; may be

CH (CF )P( + CH (CF )P(O)Cl and CH (CF )P(O)OCH was
" 3

\1nd1ca%ed by the. absorptlon band lylng between 1316 and

‘}lé:b cm 1, and the pP=g bond in CH (CF )P(S)Cl by the bands

éetween 675 and 790 cm l.A Charaéterlstlc P-X (x halogen’) v

C
FAEN

EEeC N J_._' PR
i -
‘& Wi

eadh compound {(Table 14) For 1n§tance the medlum to strong

a551gned to the symmetrlc C -H” deformatlon. The P—O bodﬂ 1n

ébsorpt;ons are: observed at 898 &35 -cm -t in CH (CF )P(O)F,-

'l . : . . . W

B(sICL =

e

60.

e : “ ‘ ' T ¢

. \

PRI Y-
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C. o ‘Mass_Spectra, . R L

*-t‘sv [y

“
v
[

The ‘mass spectra of the tetrac%prdlnate phosphorus' ) {
compounds CH3(CF )P(O)F, CH (CP )P(O)(OCH ) and CH, (CF - |
P(S)Cl showed the parent ion pea} in. relatlvely good '
abundance and were co?flrmed by accurate mass measurement_
(Tables 16_and 17', \respectlvely) All the compounds

~Iikewise showedC-F3 in their mass spectra (m/e calc.,
66.9952; m/e meas.,” 68.9952).

(i) Methyl(trlfluoromethyl)chlorophosphlne ox1de*’

;. D..- err Spectra,

The lﬂ and SP nmr spectra of CH (CF )P(0)Cl eachi
9;.)'
gave a flrstvorder AX3 spllttlng pattern from whlch the hh/

nmr parameters were readlly evaluated (Flgs VIII 1 and 2, u
respectlvely) Th:mfour-bond F—H coupllng was not resolved

-
in elther speqsrqg and the llhes were consequently broad.

L 31 ;
?&P, nM‘tSPec‘ﬂhn“éhowed a 51xteen line. A3MX -pate

the’ maJor quartet due gqu Q§3 coupllng and the
A

'quartet’due to phosphorus coupllng w1th the CH3 protons

EAr . L)

(Flg VIII 3).‘ L ~'_w4u‘;;;‘1f‘<”@ o S F

A
¥

(11) Méthyl(trﬁ{)uoromethyl)fluorophosphlne oxlde

’

. L//'I'he r nmr spectrum of CH (CF )P(O)F con51sted of
¥ . h Y

o

‘four equally separated quartets of equal total 1nten51t1es,’

‘Thls ‘is. analy;gd as a doublet of doublets, the pr1nc1pa1

idoublet’spllttlng arlslng frbm the coupllng of the CH3

protons with phosphorus and the secondary doublet . spllttlnl.f
RN T

- -~ - B ] - B N .
I e L

o R ATk A S o WL

- . . A . SN I va :

. . a T L. e . e .



@' Figure VIII-1 -

“solution in CFC1

E#periméntal 1H‘(GO'.O‘MHz) nmrfspectrum.6}
CH, (CF )P (0)C1 at 303°K obtained from a
3xé§ntaining~5§ TMS.~ The
frequéncy scale é%vés.Ehemicai‘shift valﬁés
in ‘Hz relative to TMS.

&

e
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o ]*H (,6().'0'.MH2') nAr'_'nr>Spec'rru.m of

w | v B oL » " - -‘ e . | : . "»\\v\$\\ ///,’I " . . .
: e ! . Lo - . " ) " l'.' B A . . .
v Ly » o é; St . . H C' '. . CF3 SRR v‘ e |

L f T'303°K FR

T

A

-,”"*].40' 130 4'.]‘20‘,.;_

110 Hz

' N -
| | ‘ ’ ) : <.
) ' ’ . - " .

R S -~ 7 Figure VIII-1 R e ‘




. F'igure VIII-2
"‘ L . ‘. N
S
\“’ o y '
N
-

(CH, (CF,)P(0)CL af 308°K obtained *frgn-a .

g
5

Observed 19F (56.4 MHz) nmr spectrum dfm ‘
. | § ot vy

v

' - o .l L Mei?
solutddh in CcFC1 conthinithg 5% TMS. The

3

- frequency’ scale gives chemical shi-fxﬁ"{/alués" :

LA

'in Hz relative to ,CFC1.3.'



F(56:4 MHz) nmr Spectrum of

ST '[,_i; '
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.0
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T “CF,
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L

v -4270

’

L./ L l
v /
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‘phosphorus with the CH

A

from proton coubling with'the”directly-BOund flnorine:

The quarteﬁ.fine structure is due to funtherbcoupling '
of the CHB p{otone with the Fnree,fluorines'of ;he Ci?‘
group (Fig VIII—4)" That the line Separatiuus'are due

to spin- spln .coupling and not to chemlcal Shlft ¢ifference

was demonstrated by the invariance of the spllt'lng

pattern~and magnitudes of line separation with spectro-

'

meter frequency. _ ) .
The iif nmr speEtrum of:CH3(CFj)P(03F was a doublet

of duartets\of\gnartets, giving a to l‘off32 lines. )

The major quartet splitting_of the- Pi doﬁolet com‘po'nents,

was due to phosphorns coupling Qith the CF3 fluorines

and the minor querﬁet_solitting due to coupling of the

3 protons'(Fig VII;-Q);: The

parameters evaiuated f;oﬁ this supporeed.tpe.interpreta—

tion Of the ;H'nm; spectrnmf\. 7

A
’

(1ii) Methyi(trifluoromethyl)methoxy;phosphine oxide

The 1y nmr Spectfum of CH3(CF3_)P(Q)OCH3 consisted

of two sets of doublets of edual intensities. The ‘

272.

componentslof the doublets showed a quartet fine structure

upon expanlon. The two resonance reglons corresponded
to the two dlfferent groups of.protons. The low field

3 group, the hlgh field

resonanee to the CH3 group.. The doublet splitting in

re§onanCe was assigned to the OCH

eéchvresonance resulted from proton coupling with phos-

phorus and the quartet fine structure from proton coupling



" . . - 273,

L .
with the CF3‘fluorines; The five-bond proton-proton
coupliné was not resolved ahd thus the lines are rather _.f

t f N . LY
.

broadﬁ(Fig VIII-G).

l 9 . . .. . - N . " » Lo . . . o . ‘.
> The F nmr spectrum was a broad doublet with each .
component_shqwing a septet fine‘structure'upon expansion .
» . “ . ' : . -
with peak separation of about 0.72 Hz. Again, thig

\ . - 4 «

" " - : 3
septet” resulted from near equallty.ot 'JF H ‘and’ Jpay

(0.78 Hz ‘and 0.62 Hz, respectively) (Fig VIII-7).

. The protonFcoupled 3l-P’nm‘r..spectrum‘consiSted of a
quartet of multiplets which, upon ahelySis of the ling
‘intensities was shown to be a quartet of‘quartets of

‘ . ‘? 1
quartets. The main quartet splitting arose = from phos¥

' phorus coupllng w1th CF.,, the secondary quartet spllttlng~

3’
! from phosphorus coupllng w1th CH3 protons and the final

I

quartet flne structure ls.due to phosphorus coupllng'

3'group: The Stlck d;agram in Flgure VIII 8

_traces Hhe origin of the spllttlngs.

with the‘OCH

/
(iv) Methyl(trlfluoromethyl)chlorophosphlne su1f1de

The lH nmr 8pectrum of CH (CF )P(S)Cl showed doublet
| ‘ h
Spllttlng due to P ~-H c0up11ng and a quartet fine structure

-

on each doubLet component upon expan51on, ar151ng from

proton coupling wlth the CF
: 19

3 group. _ : : R -

Similarly, the "“F nmr spectrum was a-doublet‘of

& quartets, the doublet due to 2J —F and the qqartet due to

i
Jp_y (Flg VIII 9).
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Figure VIII-7 'Observea lgR (9431 Hﬁz) spectrum oé(

s

cH, (C?Q).P(O)OCI¥3 at 303°K obtained from a
solution in CFCl3 containing 5% TMS. ' The
’wfreQGehéi'SééiE'giVéé-éhemicél‘shifﬁ values
I o : : ’ ”

" wi}n*ﬂz'reiézng)to'internal CFClB. The

,‘expanded scale portlon in the center shows

. the flne structure of one of the components
of the maJor doublet |

’ . . . .'~' .

1
. s
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LG

. Figurg_VIIi—B Observed 31P - tm) (36.4 MHz) nmr spectrum
of CH3(CI~‘3)P(O)OCH3 at 300°K, obtained from a
. " ‘ -

solution in CFCl, containing 5% TMS. The

3

. o freﬁuency scale which gives chemical shift

values in Hz relative to P,0_  was measured

19F.'(CFQ13)"heteronuclear-

1-
3P

reiativg to the
lock and sgbseqdently_cbnverped to the
scale. Theistick diagram traces the pattern
of quarteF‘gf guartets of quartets arising
from sp 'ttingfdue to a'CF3 g?oup,'a CH3
group and. a OCH3 group.
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36.4 MHz) ~ {]H} nmr Spectrum of . -
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T=300°K
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] ' .
Figure VIII-9 Observed ~°F (94_.1. MHzY nmr spectrum of

3 (CF )P(S)Cl at 303°K obtalned from a
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J

\

"F (94.1 MHz) nmr Spectrum of
i

/ . ¢,

. A . 1 -
-7100- = -7200  ~ -7300 Hz S T

Figure VIII-9 .
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The,3lP nmr spectrum was. a quartet of quartets,

the major quartet arlslng from coupllng of phosphorus

w1th the. CF3 fluorlnes, the minor quartet arlslng from

coupllng w1th the CH3 protons.

't

The chem1ca1 shifts observed for the three phbsphorus

ox1des CHy (CE‘ )P(O)Cl (+73 0 ppm (vs, )), CH (CF JP(O)F

//w1th1n the range reported for tetracoordlnate

- /”

4

b4

earller in thls chapter._ The predlcted P/chemlcal

shifts were obtalned from eq VIiIii-i, usxng the chemlcal

~
-

shlft values reported for (CH3) PO, (CF )3PO, C13P0
F3PO, and GCH3O) PO.33 wUpon maklng _the necessary adjust—

ment with respect to the reference compound and comparlng

d 31

the predlcte P chemlcal shlft values wlth experlmental

wivalues, the follow1ng dev1at¢ons'were obtalned- =26.8 ppm

for CH (CF )P(O)Cl, —50 5 ppm for CH (CF )P(O)F -and

.=21.0 ppm for CH (CF )PGO)OCH3. All the dev1atlons are

282.

:;fW?-—rPh08pﬂULUS compounds. 2 Attempts were made to see. whether

negat1ve,1n agreement wlth the postulate mentloned earllerfc

3

in the chapter. Eowever, thesg deviatidns- are surprlslngly

*large,suggestlng that the. approach leaves much\to be

. ~ !

precludes ‘any analysxs of the orlgln or the 51gn1fICance

of these dev1atlons. However, we mlght/reasonably.expect;

-~

o N ) - . ‘ .

J . -

'de31red.. The emplrlcal nature of the add1t1v1ty concept,/~”"



] .

an'empiricalvapproach to give reasonably good agreement

. . . . cE . Yo
with experiment even if the formal justification is not-
L4 &)
_ . o |
particularly rigorous.
Conclusions Y .
e — -

. The greater stablllty of tetracoordlnate phosphorus

compounds éompared to pentacoordlnate phosphorus compounds

,is manlfested by their hydf@lytnc reactlons

b’ 4

N
;he add1t1v1ty concept of Letcher and\van Wazer59

. = ‘ !
was applled to the three phosphlne OX1d\§ '.The dev1at10ns

N | 3

from addltlvity ‘were. negatxve as predxcted in the fOrmplism

lv‘.

but the large dev1at10ns in all the. three’ caSes suggest

‘thqx the approach is not pertlcularly rellab&e.
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CHAPTER NINLE

v
SUMMARY AND CONCLUSIONS
As stated in the first chapter, the aims of this

work were twoféld: (1) to extend our knowledge of the

. chemistry. of pentacoordinate phosphorus compounds and

(2) to inderstand the factors that influence the
positional preferences of the different substituents in

pentacoordirate trigonal bipvramidal phosphoranes. The

experimental' result®: ed and diScusscd.rn;Chapters -y

W***k - ‘
'L%ggfgags;itutional
1, a— ‘ .

v i . -
~hemistry of pentavalcnt‘pentacoordinate'phosphoru§

ITI and IV/did illu

gpmpounds; 'ThéAfeactions of CH3(CF5)PX3 (X = F, Cli
w;th either (qujisiQCH3 orv(éHé)3SiSCH5 sharp}y demon-
stfatéd the difﬁe%gnt’chemical.behavibr of the“chlofo—
and the %1uoropho$ph©ranes. Hit appears tﬁat the ipgtidl
step in the reacﬁions is. a métatheticél subétitution ofi

a hatogen substituent in the haiophosphorane with dCH3

(ox SCH_, eq.-IX-1j.
37 5

2

3 503 '

[

. pH3(CF3)RX + (CH Sl”””3if__*fCH3(QF3?p(OCH3)“

(I1X-1)

(qn3)3slx

In the case of CH3(CF3)DC13, the monOmethéxydichlorq—

phosphofané, CH3(CF3)P(OCH3)C12, éppeéred to immediately

‘ decompose into the phosvhoryl halide and cu3cl (eq III-10), .

) F

whercas”further substitution occurred in CH3(CF3)P(OCH3

2 .



~

producing CHB(CE3)P(OCH3)2F which, although sufficiently

\ﬁﬁable to. he detected in the nmr_spectrum.nbvértheleés

appeared to decbmpose into CH3(CF3)P(O)F and'(CH3)20
A - yi )

(eq IIT-14) with time. A metathetical substitution

.”geaction between éH3(CF3)P(O)F'ahd (CH3)3SiOCH3 (eq TII-15)

)

was further. postulated to account for the detection of
‘CH3(CF3)P(O)OCH3 in‘the reaction system.

. ' _ \ ,

The reactions of (CF3)2PXYN(CH3)2 (X = F, ¥ = Cl;

/

‘X =Y =Cl, F).with (CH,) JSiOCH, similarly showed

'contrasting behdvior of the fluoro- and ‘the chlorophos-

,phoganes. -The greater'iability of.the P-Cl bond relative
to the.P;F bond was’am%ly demonstrated in-the‘greater |
resistance to''or more rigdrous ponditions %equired fo;
fhé reaction of the fiuoro(diméthylamino)phOSphoréneéiv

-

with (CH3)3SiOCH3‘compared to the chioroanﬁlog.f For 
‘instance, (CFB)ZPF(Ocﬁj)NKCH3)2 was readily formed
fr \ the regctlonvbegygen (?FB)ZPFCL (CH3)2 and (CHB)j—

. ! . 4 ' .
SiOCH3 in sharp contrast to the high temperature required

285.

‘for its formation from and the incdmpléteness of the reaction

. . c o ‘
between (CF3)2PF2N( H3)2 and (CH3l381OCP

3
The stereochemistry of some of the phosphoranes

investigated in this study also proved to be interesting.

31 !

. . : 1 :
Varlable-temperature P ‘and 9F»nmr spectroscopy was

A)

trihalophosphogane‘CH3(CF3)PF3, and in a series of

n= 1;

]

méfhylthlophosphqranes QCH3)m(CF3)ngF n(SCHB) (m

4-m-

. employed to follow the ligand averaginé processes in the



286.
i ) « oy

m=0, n=0 to 3). Computer-simulation of thc variable-.
. . _

31 : Cq .
temperature P nmr spect: facilitated the calculation .

of the rearrangement rates. at the different temperatures

K}

and consequently the potential barriers of  these averagd

ing processés. In addition to ligand positional exchange,

—

a sccond mechanism' for averaging the fluorine or “tri-

n »”

fluromethyl ligand environments was evident from the
nmr spectra of the various methylthiophosphoranes.‘ This

is.by rotation of the SCH, group about the P-S bond.

3

This was rigorously established in CF3PF3(SCH3L where

the "pseudorotation" and the P-S bond rotation were.

distinct and clearly separable.
However, -several questlons remain unanswered regardlng

the chemlstry and stereochemxstry of the systems

I

investigated in this work. A ﬁumber of“suggestiohs were
made in.the preceding chapters concerning some.areas of

' further research. For instahce, it would be interesting

to establish the critical factors in the transformation

¢

' ' s
- of pentacoordinate aminofluorophosphorane¢s into the
tetra- and hexacoordinate ions. Why, for ‘example, does
. . 4'{,
2N(CH3)2 isomerize but not CH3(CF3)PF2N(CL3)2,
C_H_PF_N(CH.,) but not .C_H PF 3N(CyH ) 5,2 thy would T

(cr,) ,PF

6°5 "3 3°2 65 2
(C}\ PF V (CH ) require more rlgorouslconditions than

6H5PF N(CH3)2

" Th. assumptlon of a hlndered P-S bond rotation to

C

‘account for the appearance and“spllttlng pattern in the

I

e



low temperature limitino spectra of the various
methylthlophosphoranes implies a partial multlple i
character of the P-s bond Thls appears to be tacitly
assumed in the literature74 but has not been confirmed
by phy51cal or chemical means. It would bexlnterestlng
to 1nvestlgate the character of the P-S bond by say,
»photoelectron spectroscopy. Perhaps the sulfur lone

i

palr can be used as a probe in a comparatlve study of

the methylthlophosphoranes and ¢ompounds where a pr~dm
interaction between sulfur and phosphorus has been |
establlshed as well as compbunds known to have only"’ sigma
bond between the two atoms. . |

The present State of pentacoordlnate phosphorus
chemlstry is such that 1nten51ve, rather than extensiwe'
research is called for A considerable number of
compounds belonging to various series{of phosphoranes

have been prepared and studied to show certain trends in .

ical and/or stereochemlcal behav1or. There 1s a

need to answer the questlons about the ex1st1ng phos—

phoranes before preparlng new ones. It is hoped that

unde standlng of the chemlstry and stereochemlstry >

'trlfluoromethylhalophosphoranes and will have problded a

basis for‘future, more detalled studies.

i

.
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. " . . : /
The following tables (1-6) give the K matrices used

© to calculate 31? nmr spectra of \the exchang;ng phosphoranes.j:
Simple product functlons were used to a581gn the 11nes 1n

- the spectnum rather than the cqrrect symmetrlzed.form
vfunctions because the former are more convenient to haﬂdle

in big systeﬁs. This practice has a:non—detectéble effecty,

within.our limits of error, on the behavior of the spectrumgsm

AN . .
-n sueﬂ‘zomplex systems. .

1
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o B - TABLE 1
K Matrix for Axial-Equatorial F Exchange

. cr 1pp @ | - , s
in CH3(C 3) F3 3 ’

g 3 @ o] o s o [Sol
g e} o] _‘f_ i :‘_1_
v B 3 Vol o] Q [Sa}
e|aa
alaa 0 0 0 0 0 0
alaB .0 -0.5 0.5 0 0 0
Blaa 0 1.0 -1.0 0O 0 0

&1
<

One of four 6 x 6 submatrices; for the¢3lP

’Speétrum.“ The épectrum consists of a quartet
due to coupling of the CF3 group with phosphorus.
Complete'reéroduction of the 31p - {1y} spectrﬁm'
with all couplings requires that the éboye_bi
matrix be repeated four times with line‘spacings

: P2
given by Jpp-
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TABLE 2
\ D .
K Matrix for Axial-Equatorial F Exchange in

F4PSCH3 (80% "Pseudbrotation" and 20% Rotation)?

R A s

s B e «Q a 3 o] [s o1 «a e e} «Q «Q

T35 35 38 3 3 & 8 8 o8 @
e‘e'ala' . t
oalala 0 0 o0 0o 0 0 0 0 0 0 o0 o
wafalf 0 -1 0.2 0 0.8 0 0 0 ¢ o0 0 o0
aa|8la 0 0.2-1.0 0 0.8 0 0. 0 © o o o
oa|B|B 0 0 0 -0.8 0 o0 0 o .0.8 o 0 o
aBlala 0 0.4 0.4 0 -0.8 0 0 o 0 0 o o
aBlalB .0 0 . 0 0 0 -0.6 0.6 o o o o o
aB|8|a 0 0 0 0o 0 0.6-0.6 0 o0 0.0 o0
" aB|B|B o o0 0 L0 0 0 0 -0.8 0 0.4 0.4 0
g8lale 0 0 0 0.8 0 ‘0 0 0 -0.8 0 o o
BBlalg O 0 0 © 0 0 0 0.8 0 -1.0 o.'z_ 0
BBlsla 0 .0 | 0 0 0 O .0 0.8 0 0.2 -1.0 ov
38|88 ©o ¢ 0 0 0 0 o0 0 o 0 b o '
4 por the 31p . {lH}vspectrunu'f
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TABLE 3

leferent K- Matrlces Investlgated for Axial- Equatorlal F

1

Exchange in F4PSCH3a

;

A. 90% "BPR" + 10% Rotation

T s = 5 @ 5 = 5 2 & @ 3 =
] o] o} Q «Q 3 o} Q @ _li i E_ E
ot ¥ 8 8 3 T T T YT 7 o8 8 =
aaala 0 0 0 -0 0 0 0 0 0 0 0 o
aalalB 0 -1.0 0.1, {0 0.9 O 0 0 0 0 0 0
aa|Bla 0 0.1 -1.0 }% 0.9 -0 0,0 0 0 0 0
'aa]BIB 0 0 kox 0.9 0 00 0 09 0 0 o
aBlajla 0 0.45 0.45 0 <0.9 0 0 0° 0 o¢ 0o 0
aBlalB o ‘0 o o 0 ~0.55°0.55 0 o o o o
aB|Bla o. 0 0 o. o o.sévro.ss o 0o 0o o o
aglgls o 0 0 0 0 0 0 -0.9 0 0.5 0.45 0
88lala O 0 0.9 0- 0 0 0 0 -09 0 ‘0 o
B88lalB <0 0~ 0 0 o 0 0 0.9 0 -1.0 0.1 -0
BB|8|a 0 0 0 0 0 0 0 0.9 0 0.1-1.0 0
88|88 O 0 0o o, d| O 0 -0 0 0 -0 o
L o
’
_a To calculate 31P ~:tlH}'spec£rum.
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TABLE 3
i —— ?
B. Non-Berry Rotation - " y
© 8 @ 8 @, '@gos @ B8 @ 3B @
® 8,8 @ @ B3 B8 '@ @ 3 3 @ A
¢ &8 8 8 % % % % < 2 38 &
ee|a|a' . '
aalala o' o -0, 0 0 0 O O O O 0 O
| . |
o ) o | . |
aala|B 0 -0.5 0 0 0.5. 0 ‘0% O0- 0 O 0 o0
. : , " ’ 1
‘aa|Bla 0o 0 -0.5 0. 05 © o0'0 O O 0 O

aa|B[B 0 0.0 -1.0 0 0505 0 0 ©0 o0 O

aBlala 0 0.5 0.5 0 -1.0 O {/fE/T ©o o 0 0 O

aB|al8 o 0 o0 0.25 o0, -0.5 0. 0025 0 0 0
"aBlBla O 0 0 0.25 0 0 -0.5 0 0.25 0 O 0
B[l 0 0 o 0o © 0. 0 -1.0 0 0.5 0.5 o

galafls’ 0 0 ‘07 0 0 0.5 05 0.-10 0 0 -0.

g8lacl8 0 ©0 0 ‘0 0 0 0 05 0°-0.5 0 O

BR|B|a o o 0o o o o o 05 0 O 0.5 0

Bglgls 0 0 0O 0 o 0o o o o 0 0 o

.
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TABLE 3 ‘

\‘ \ v
C. Concerted "BPR" Md Rotation .
) - o I
B 3 @ 3 ol o) [+o o} <o e} ) « 8 @ "
2 E B w3 B EE - 3 35 @ @
3.8 '8 8 8 9 ¥ 3% © &8 g g < ;
eelala’ '
ao oo o o o0 o0 o ©O0 0 0 O0 ©O0 o0 o,

’ , I N &
oajalB 0 -1.0 0 0 1.0 0 _ 0O 0 0 0 0. 0
aa|Bla 0 0 -1.0 0 1.0 0i 0O ‘0, 0.0 o0 o0
oo | 8|8 60" 0 0 -1.0 0 0 o0 O0 ‘1.0 0 o0 0
aBlala 0 0.5 0.5 0 -1.0 0 0 0 0 0 0 0
oBlafg-: 0 O 0. 0 0 -0.5 0.5 O 0 O 0 0
aBlBla 0 0o O O ©0-0.5-0.5.0 ©0 oO0 o0 0°

BB|a|a 0 0 0 1.0 0 0 0 0 -1.0. 0 .0 O
- ) .
BBla|B 0 0 \ 0L 0 0 0 0 1.0 0 -1.0 0O 0
B8l8la 0. 0 0o 0 0, 0 ©0 1.0 0 0 -1.0. 0
BB|B|B o 0o o ©o0 0 O .0 0 O 0 0 o
1 ,
;ﬁ»\ . P
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TABLE ‘4 | ' /

A il ' ; S, a.
K Matrix for Axial-Axial F Exchange in CH3(CF3)PF2(SCH3) s

a

303.

s @ s 4
; ® 8 8 @ «
ala’ ;
ala 0o 0 o0 _o0 .
alB 0 -1.0 1.0 0
o A
' Bla 0 1.0-1.0 O ,
, Bl - 0O 0 0 o

Ohe of four 4 x 4 submatrices; for’calculgtion of the

31P’~ {l

of a guartet due to coupling of the phosphorus with the

Mp .

CF, group. Complete'reproduction‘of‘the H}

-’spectxum wifh all couplings requires that this matrix

" be repeated four timeé}wi%h line spacingé given by 2JP

I

~ F.

1

H} .spectrum. The complete 31, spéctrumchnsistsv
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: TABLE 5 |
K Matrices for Axial-Equatorial F Lxchange in CF3PF3(SCH3)a
- "Pseudorotation" :
. ‘ : . 8
A. Reduced Matrix. S /
‘ l
o 3 @ 3 ‘@ o @ '
= B 3 @ @ «@ @«
| © 8 S. | ° 8 @
aa[e ' ‘
: o L ,
aafle 0O 0O O 0 0 O
aalB 0 -1.0.1.0, 0 0 O |
aBla . 07 o.g—o.s o ‘0 0 |

aBl8 0 0} 0505 0.5 0 .

BBla = O 0 0.1.0-1.0 O
T o S & ,
_BBlB 0 0 0 o0 0 0
B. Original 8 x 8 Matrix»for‘SCH3 rotation
o} <o} . o
BT B @ .«
@ @ «a o
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i
!

FOOTNOTEL - FOR TABLE 5

2 One of .four submatrices. . The quartet splitting of the

spectrum arises from coupling of the phosphorus with' -

i, @2

the CF_ group. Complete rebrodﬁction of the H}

3
spectrum requires that this maprix.be reéeated four

times with line spacing determined by 2JPF.
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A

TABLE 6

[
-
Q
o
o]
.m 3
3) H
e -
= s
8 ,
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TABLE .6

, i
B. The Contracted Matrix ‘ ) ) ‘ -
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40 x 40 Matrix for (CF,),P systems (2 equatorial, 1 axial)
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FOOTNOTES For TABLE 7 .

a Except.fo; the ions.(see note d) reported in this table,

¢ values are in ppm relative to internal CC13F standard
(

- A

with pbsitive values indicating resonance to high field.
of the standard o , ‘ (

T ppm rélati@e ﬁq internal tetraméthylsilane, T = l0.0v

o

units in Hertz

t

In CD,CN solvent, ¢ values arejin ppm relative to external

3
CC13F standard with positive valpes indicating resonance

to high field of the standard.

e ' RS .. -
T ppm relative to external tetramethylsilane, 1 = 10.0

~ ) R i .



