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INTRODUCTION

Owing to the difference in the primary objectives of the two
investigations recorded herein, this dissertation has been divided
into two parts. Each is complete and independent of the other,
containing its own Historical section, Results and Discussion, Experi-

mental section and Bibliography.

xiv



PART I

NMR STUDIES OF P-INVERSION IN AND CONFORMATIONAL

ANALYSIS OF CIS- AND TRANS-4-TERT-BUTYL-

1-PHENYLPHOSPHORINANES



CHAPTER T
HISTORICAL
Pyramidal Inversion

Pyramidal inversion is the process whereb& an atom bonded to three
groups (pyramidal geometry) and possessing an unshared pair of electrons
undergoes an inversion of configuration. An example of pyramidal inver-

sion is indicated in thg process of 3;————5‘33. The atom undergoing

- » Y .
‘ (2 ey '/</2 7 :X"/L'\/Z
Y OO0

l 2

o~

inversion passes through a transition state in which the bonds to the
2, s
groups x, v, and z are near sp 1in character and the lone pair is often

pure p. The subject of pyramidal inversion has been discussed par-

6,51

ticularly in two reviews2 and the determination of the barrier

height for pyramidal inversion has been experimentally determined in
several cases where A = N, P, and As.8’19’28’29 The discussion to

follow will consider the effects of steric strain (also angular strain)



and electronic delocalization on the barrier to pyramidal inversion.
Substitution of a large group on a pyramidal center sometimes
results in steric repulsion between the nonbonded groups. This
repulsive force destabilizes the pyramidal ground state relative to
the less sterically crowded transition state and consequently lowers

26551 p example of barrier height reduction

the inversion barrier.
for pyramidal inversion in a phosphorus system with large steric forces

around the central atom was exhibited with phosphetanes 3 and 4.
N e

Phosphetane 3 underwent only ca.5% inversion after heating at 162°C for
o~ - B

CH
CH3 3

CH CH

CH3 CH3 CH3 CH3
CH CH 3
3 p 3 3 P

| l

H C(CH )4

3 4
four days, while inversion (AH* = ca. 28 kcal/mole; AG*331.5 kcal/mole)
in 4 was monitored from 118°C to 157°cC.

r~
The effect of angular strain (a decrease in ground state bond

angles about the pyramidal atom) is illustrated with the following

examples. The barrier to inversion in l-methylaziridine (5) is
P~

H3 CH

o
|{e))
=~



19 30

19 kcal/mole. That for l-methylpyrrolidine (6) is 8 kcal/mole,
and that for l-methylazepane ;ZL is 7.0 kcal/mole.30 Therefore, as the
endocyclic C-N-C bond angle increases from 600+1090+1120, the inver-
sion barrier decreases.

Delocalization of the lone pair at the pyramidal center into an
attached m system should lower the inversion barrier by geometrically
flattening the ground state pyramid. Such a situation has been inves-
tigated for a number of aryl-substituted phosphines.l The barrier to

pyramidal inversion (29.7 kcal/mole) for methylphenyl(2-naphthyl)-

phosphine ggl is ca. 3 kcal/mole lower than that of methylphenyl-

0

\\\P‘ “\P\CH CH=CH,

N\ P

~
i CHZCHZCH3
/ l// CH

3
10

ey
[

(2-propenyl)phosphine (9) (32.8 kcal/mole) which in turn is ca. 3
/\.&

kcal/mole lower than that of cyclohexylmethylpropylphosphine (10)

(35.6 kcal/mole).l Furthermore the barrier height in 2-methyl-5-

phenyl-l-isopropylphosphole Qli)lo is only 16 kcal/mole indicating



[\

CH P CH

65 3

|
CH(CH3)2

P
that there is effective delocalization of the lone pair of electrons

on phosphorus into the m ring system. Also repulsive interactions
between the l-isopropyl group and the 2-methyl and 5-phenyl groups

may contribute to the low barrier to inversion in 11.
—

Pyramidal Inversion vs Ring Reversal

Early in the study of conformational analysis it was recognized
that in selected six-membered ring systems both inversion at an atomic

center and ring reversal may occur. An example of this phenomenon is

inversion {i::::::::::;77
R——xw ~ X

l inversion

N T TR



illustrated above. If the functionality R is NMR active (such

as lH, 19F, or 31P), a lone signal should occur for the time-

averaged population of 12a and 12b at elevated temperatures. Upon
N o~

cooling the mixture, eilther pyramidal inversion or ring reversal may be
sufficiently slow on the NMR time scale to permit observation of two
signals for R. However, it is often difficult to differentiate pyra-
midal inversion from ring reversal with only a variable-temperature NMR
study.

It was concluded from an NMR study32 of l1l-chloropiperidine (13)

P g

and l-chloropyrrolidine (14) that a cooled (T<—4OOC) solution (HZCC12)
P

N
I N

|
Cl Cl
13 14

of l37§’§’§327§4 gave only one AB pattern for the o-protons. However,

upon cooling a solution of 14 below —800C, a similar lone AB pattern
was observed. Complete line-shape analysis of the two systems revealed
very close Arrhenius activation energies for nitrogen inversion for }3,
(15.9 + 0.7 kcal/mole) and‘lé’(13.9 + 0.7 kcal/mole); This indicated
that in izlinVersion of N could not be ruled out Q;é’was considered
incapable of ring reversal).

A similar problem was encountered in the conformational analysis
of hexahydro-1,3,5-trimethyl-1,3,5-triazine (HTMT) gléz.zo In the
course of a low temperature 1H NMR study of HIMT, an AB quartet at

8§ 6.854 and a single line at § 7.763 appeared for the methylene and



methyl protons, respectively. It was argued that a chair form in

\“ Pd
E?Zf:/ ‘\‘\~\\_,/’ Pd (:P{ES

CH3 |5

which the three methyl groups were all equatorial was the only con-
former present to an appreciable extent. To account for these obser-
vations, it was concluded that ring reversal occurs simultaneously
with pyramidal inversion at one or two nitrogen atoms and that this
was preceded or followed by a fast pyramidal inversion of the other
nitrogen atoms(s).20 The above example is not without ambiguities in
the arguments and suggests that caution must be taken in conforma-
tional analysis of six-membered ring systems in which’bqth ring rever-

sal and pyramidal inversion may occur at similar rates.
Stereochemistry of Phosphorinanes

The phosphorinane ring system }é‘possesses unique features which
contribute to the developing interest in these phosphorus heterocycles
but are not found in the piperidine family 17.27 Certain inherent

. m~~ .
structural differences of 16 from 17 more readily permit dynamic

~ P
studies with the phosphorus analog (e.g. thermodynamic data for the
2 .
barrier to pyramidal inversion). 6,51 The main differences are: 1)
o o
size of the heterocatom (van der Waals radius, N, 1.5 A vs P, 1.9 A)45
2) empty d orbitals present in phosphorus; 3) C-P bond longer
o o
(ca. 1.83 A)7 than C-N bond (1.47 A);45 and 4) C-P-C endocyclic bond
o o, 27,45 ,

angle smaller than C-N-C Angle (98 wvs 1087). These differences,

coupled with 31P which possesses a spin of 1/2, and no electric



16 I7
quadrupole moment allow investigations of structural parameters in the

phosphorinane system 16 which are more difficultly accessible in the
P d

nitrogen analogs even via DNMR methods.

Br Br 150°C Br P(OC_H.)

- . 492
0
" () wm O
MgBr. p H,0 P
2 0" SNocH A ° 0" “OH

4 9

(C6H5)28i'H2
> o

I
H

18



Phosphorinane %é: prepared by several methods,4’3l’33’59 one

of which is illuétrated, apparently exists with the proton axially

oriented.Bl’33

At —SOOC, one-~half of the P~H resonance consists of a
triplet of triplets due to Jaa and Jae (the other half is under the

ring protons resonance, 1JPH = ca. 200 Hz). Computer simulation

(LAOCN3) of the observed spectra gave Jaa = 12 Hz and Jae = 2.5 Hz.3l’33

Similarly it was determined that phosphorinane l-sulfide }2}1 and the

corresponding methiodide 2931 possesses axially oriented P-H bonds.

s«—}?N CH3—%M 1

: H
19 20

However, the experimental evidence in support of the configuration at
‘ . . 31
phosphorus in 20 was somewhat ambiguous.
—

‘ *
13,14 have determined the barriers (AG ) to

Quin and co-workers
ring reversal in l-methylphosphorinane (21), l-ethylphosphorinane (22),
~~ Pt
l-isopropylphosphorinane (23), and l-phenylphosphorinane (24) by
low temperature lH and 31P NMR analyses. Lowering the temperature
of solutions (vinyl chloride, tetramethylethylene) of these phosphines

resulted in the appearance of two signals 1in the 31P spectrum. The

low-field signal was assigned to the conformer with an equatorial

: *
P substituent. Accordingly, AG N (TC = coalescence temperature)
c



10

CHBMPN C H;PM

2l 2

~ ~

Ay CGHsMPN

3 23 24

for ring reversal was calculated to be 8.7 kcal/mole (TC = 186 K) for
21, 8.4 kcal/mole (T = 177 K) for 22, 8.6 kcal/mole-(T = 169 K) for
Ve Cc e C

4

*
%33 and 9.3 kcal/mole (TC = 208 K) for 2411 The above values for AG

46
were obtained using the equation kc = TAv/V2 [where Av is the peak
separation at the lower temperature limit] and the Eyring equation.

%
The validity of the above method for calculating AG T rests on the
c

. o
accuracy of the temperature measurement since a variation of + 2°C
. . * 25
yields a variance in AG of ca. 0.1-0.2 kcal/mole. Also errors
of 257 in the value of the rate constants at the coalescence temperature

*
yield a variation in AG of ca. 0.1 kcal/mole.25

31P NMR analysis of the low temperature (T<Tc) spectra of 21-24

o~

14

gave equilibrium constants which favored the equatorial P substituent.

However, extrapolation to room temperature of plots of log Keq vs 1/T

showed the predominance of the axial conformer for 21, 22, and 24.14
fa e S

The use of 13C NMR spectroscopy in the conformational analysis of

12,15,49

phosphorinanes has received considerable attentionm. Of par-

ticular importance is the relationship between the at C(3,5)

J
315 13,

and the disposition of the lone pair of electrons on phosphorus.

A large dihedral angle between the lone pair of electrons and C(3,5),
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such as in Eél(axial—R), results in a small (ca. 0-1 Hz)

H H
1
C\ @ C ~C
o2 R

35 R

(axial -~ R) (equatorial - R)
29
2J value. Subsequent use was made of the above relationship
31P—13C
in the assignment of configuration of P for 21—%£/and for 1-tert-

butylphosphorinane (26)12 based on the coupling constants for 27a and

"}__P 2
J =THz

PC
26

OH OH
®ﬁ>2w'+ CHy~ 5%

= - =7.5 Hz
CHy Ik PC

27a 27b

~~ o~

27b with known absolute configuration.ls’44
e

Sulfurization of unbiased phosphorinanes has been shown to produce

configurations at P with axial sulfur.12 Phosphorinanes 21-24 and 26
. —~ ~~

were sulfurized in boiling benzene, a process known to proceed with
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retention of configuration.35 That the configurational isomer with
axial sulfur resulted was based upon the shielded signals for C(3,5)
in the 13C spectra in comparison to the 13C chemical shifts of C(3,5)
in phosphorinanol l-sulfides of known stereochemical configuration.49

Fortunately, X-ray crystallographic data have been collected for

l-phenyl~4-~phosphorinanone €§§2,42 4 ,4-dimethoxy-1-phenylphosphorinane

(29),43 trans-4-tert-butyl-l-methyl-4-phosphorinanol (27a),44 epimeric
7~ P :

o

cmg—ﬁcziiﬁ7_o Se$¢::::7%

l
S CHz

-

32

3
' OH OH

H

Afiiizjj%—CH3 é::I:::7;’CH3
S« fID CH3——— ﬁ)
CHz 33 S 24

l-methyl-4~phosphorinanol l-sulfides 30, 31, and 32,49 and cis- and
N — e e

trans-1,4-dimethyl-4-phosphorinanol 1l-sulfides 33 and 34.49
— —~ e~

The phosphorinanes with axial P substituents (nonsulfides), 27a,

28, and‘ggj possess slightly flattened chair conformat:ions.42—44 The
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ring torsion angles for 27a, 28, and 29 are presented in Table I. A
r~ e~

~

listing of the endocyclic torsion angles for sulfides 30, 31, 32, 33,

Ve d N P o~

and 34 is given in Table 11.49
~

TABLE I

TORSION ANGLES (°)

27a 28 29
P Pt P ed
C(6)=P(1)-C(2)-C(3) ‘ 45.3 ~44, 3 45.2
P(1)-C(2)-C(3)-C(4) 57.7 49.8 57.1
C(2)-C(3)-C(4)-C(5) 59.7 -53.0 61.5
TABLE II
TORSION ANGLES (°)
30 31 32 33 34
A~ e S e S
C(6)-P(1)-C(2)-C(3) 45 50 44 45 . 52
P(1)-C(2)-C(3)-C(4) 56 59 55 56 59
C(2)-C(3)-C(&)-C(5) 64 63 62 61 60
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It is interesting to note that in all cases (phosphines and
phosphine sulfides) when the alkyl group was axlally oriented (;Zé;
E§3 33: 29;‘223 and'zg), the P(1)-C(2) torsion angle was ca. 45°, 1In
contrast, when sulfur was axially oriented gzi’and 2&1, the P(1)-C(2)
torsion angle was ca. 510.42--44’49 This may be accounted for by the
repulsive forces (electronic) between axial sulfur and the C(3,5)
axial hydrogens. This argument was supportedvby the increased éhield-
ing in the 13C NMR spectra at C(3,5) when sulfur was axial compared

to that when methyl was axial (154.7 ppm for 33 vs 155.5 ppm for ;é).49

Experimental Methods for the Determination

of Thermodynamic Parameters

Dynamic Nuclear Magnetic Resonance (DNMR)

‘The theory and application of DNMR to intramolecular rate processes
has received considerable attention in the last decade.3’23’26’51’54“56
Only two uses of DNMR will be discussed herein, that for the study of
pyramidal atomic inversion and for the study of ring reversal in six-
membered rings.
A classic example of the use of DNMR in the case of pyramidal
34

atomic inversion has been presented recently. 1,1,2,2-Tetraiso-

propyl-1,2-diphenyldisilane (35) was cleaved with lithium to yield

2Li .
C6H5[(CH3)2CH]ZSiSi[CH(CH3)2]206H5 L2ty 2 C6H5[(CH3)ZCH]251L1
35 36
PN Pt

phenyl-di-isopropylsilyllithium Qgg). At 35°C in several solvents
(hexamethylphosphoramide, diglyme, tetrahydrofuran-QS, 1,2-dimeth-

oxyethane, benzene—g6 or 1,4-dioxane), the lH NMR spectrum of 29,
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consisted of two nonequivalent methyl signals, indicative of slow inverf
sion at silicon. Heating a solution (diglyme) of gé’to 185°C revealed
no change in the lH NMR spectrum of the nonequivalent methyl groups.
Based on those observations, it was concluded that the barrier fo pyra-
midal iﬁversion at silicon in ;é_was greater than ca. 24 kcal/mole.34
Cyclohexane has probably been the most widely studied molecule

3,23 The room temperature lH NMR spectrum of cyclo-

for ring reversal.
hexane consists of a single line. Lowering the temperature to ca.
-70°C results in two equally intense signals in the proton spectrum.
The downfield signal has been assigned to the protons equatorially
oriented and the upfield signal to the protons axialiy oriented.
Several methods (e.g. line-shape analysis) have yielded barriers

* . 3,23
(AG ) to ring reversal of ca. 10 kcal/mole.

Infrared and Microwave Spectroscopy

The use of infrared and microwave spectroscopy for the determina-

tion of intromolecular rate processes (i.e. pyramidal inversion) has

26,51

been particularly effective for simple amines. As the studies

of processes utilizing these techniques have been discussed in detail,

these topics may be referred to elsewhere.26’51

Classical Kinetics

Classical kinetics has been employed for the determination of the
. . R . . . 1,8,11,34
barrier to pyramidal atomic inversion in several instances.

The application of classical kinetics is limited to compounds which

invert over an accessible temperature range at a convenient rate. Also
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the invertomers must be distinguishable as enantiomers or diastereomers
and obtainable as a nonequilibrium mixture for best results.
The barrier to pyramidal atomic inversion may be obtained from

the Arrhenius equation (Eq. 1)

~Ea/RT

k = A (Eq. 1)

where k is the rate constant at temperature T, A is the frequency
factor, and Ea is the Arrhenius activation energy. Similarly the

Eyring equation (Eq. 2)
*
B~ -4G /RT ‘ (Eq. 2)

may be employed where k is the rate constant at temperature T in K,
. -16 - -1 -1 .
kB is the Boltzmann constant (1.38 x 10 erg K = mole "), h is
- % ,
Planck's constant (6.63 x 10 21 erg sec), and AG 1is the Gibbs free

energy difference between ground state and transition state.

Errors in the Determination of

Thermodynamic Parameters

Only the errors associated with the determination of thermodynamic
parameters via classical kinetics will be discussed here. ‘Since the
calculation of the first order rate constant (Eq. 3) is directly

dependent upon the
[A] (Eq. 3)

kt=lnm
concentration of two species (A and B).at time t, methods to determine
those concentrations accurately are extremely important. In utilizing
NMR for the determination of the concentration of two distinguishable

species (A and B), one relies on the integrated intensity of two or
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more signalé. It follows that the method(s) of integration must
be réliable and reprodﬁcible. Triangulation, planimetry, cutting and
weighing, and digital integration all possess strong and weak points
and should be used in conjunction where possible. However, it should
be realized that an error in the rate constant of 25% yields an
error of only 0.1 kcal/mole in AG*.25
Another parameter most difficult to control in NMR analyses is
that’of temperature. If the data accumulation is performed while the
NMR spectrometer is operating at a temperature other than ambient,
one must be capable of controlling and monitoring that temperature
accurately. It is best with current VT accessories on NMR spectro-
meters to calibrate the temperature readout device over the entire
temperature range to be used. This is easily done by observing the
chemical shifts in a standard compound as a function of temperature
(e.g. methanol, ethylene glycol).57 Direct thermometer (or thermo-
couple) readings before and after sampling and the incorporation of
a temperature-sensing device in the sample are other applicable
techniques. It is important to realize that if the temperature
monitored is near 300 K a variance of + 2 K results in E§.>l%

variation in AG*.25



CHAPTER II
RESULTS AND DISCUSSION

The chemistry of phosphorinanes is a very active area, and there
recently appeared in the literature the preparation and tentative

stereochemical assignment of cis- and trans-4-tert-butyl-l-methyl-

phosphorinane (37a and QZE, respectively) and cis- and trans-4-tert-

butyl-l-phenylphosphorinane (38a and §§E, respectively).39

| 3
CH3 <>
37a 37b

@Ff | C 6H5——5
-C6H5

38¢ 38b

I~ P

The work in this thesis presents NMR studies which have provided

. * ‘
thermodynamic data (AG and Ac°) for the pyramidal inversion involving

%gi;;:::t 38b. In addition, analyses of the 13C and 31P NMR spectra

P~

of phosphines 38a and 38b and their corresponding oxides 39a and 39b
o~ et ot

P~

have also been recorded. All data support the original stereochemical

18



19

assignments.39 Also, our work presents a single crystal X-ray crys-
tallographic analysis of oxide ;23 which also supports the original

structural assignments for the phosphines 38a and 38b.
Pt B

o«lfw CH _E)

65
C.H 0
% 39 39b

~

The preparation of phosphines 38a and 38b have been reported
: e o~
previoUsly39 but will be discussed here to familarize the reader
with the synthetic procedure. The basic starting material for the
phosphines was 1,5-dibromo-3-tert-butylpentane (40). Several

method524’47’52

have been employed and these will be discussed on the

basis of ease and reproducibility. The earliest procedure24 involved

utilization of 4-tert-butylpyridine (41). 4-tert-Butylpyridine (41)
—— e ~~

was catalytically reduced over platinum oxide to give, presumably,

a piperidine (not isolated). Benzoylation of this product with

benzoyl chloride gave the amide 42 in 90% yield. Cleavage of the amide

N

&glwas effected (von Braun reaction) with PBr, and Br2 to yield, after

3
the‘appropriate work-up, ﬁQ,(40%)' The major problems involved in the
above procedure are the expense of the platinum oxide catalyst and
pyridine ﬁi;and the modest reproducibility of the von Braun cleavage
owing to the number of product transfers involved and final steam
distillation of dibromide ﬁfb

The second method52 employed 4-tert-butylcyclohexane Q&g) as

the starting material. Lactonization of ketone ﬁélwas performed
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@ Hp PO, I C6H5C(O)Cl\
6N HCl, = Ny NaOH  ~
N'" 4 atm, 55°C H
4 ) )
. PBrg, B,
2. H,0
2 > 40
l?l 3. 48% HBr
C(O)CgHs

)+ |
AV

CoHgCOH
H,CCl O
0
4’.5;;
48% HBr, KBr, HgO, Br, 40
> >
oSO, Br coH ca, =~
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with perbenzoic acid followed by fractional distillation to give the
lactone ﬁﬁ}(reported yield 100%).52 Cleavage of the lactone‘ﬁé’with
487 HBr-KBr and H2804 gave bromo acid ﬁé_(83%). The final bromination-
decarboxylation (Hunsdiecker reaction) process utilized HgO-Br2 instead

of the usual silver salt—Br2 to give dibromide‘ﬁg’(6lZ) after steam
distillation. This method is attractive on the basis of simplicity;
however, other worker839 have been unable to reproduce the reported

yields.

The third method began with 3-tert-butyl-1,5-pentanediol (46).47

‘ CH)PB
(65)3’ rz\ 40

HO OH DMF -

46
~

The diol ﬁé/was brominated with dibromotriphenylphosphorane (from
triphenylphosphine and Brz). Hydrolysis and separation of the organic
phase followed by vacuum distillation gave 40 (39%). This method
appears most attractive on the basis of ease of reactions; however,
the number of reaction steps (8) to prepare ﬁanmkes the overall
procedure less attractive.

With a method developed by Markl,36’39’40

the dibromo compound ﬁg
- was cyclized (37%) to 4-tert-butyl-1,l1-diphenylphosphorinanium
bromide (QZ) with tetraphenyldiphosphine in boiling 1,2-dichlorobenzene

(ODCB). The reaction is believed to proceed via nucleophilic displace-

ment of Br by the phosphine with concomitant P-P bond cleavage to
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» . ODCB B
‘}_9 + (C6H5)2 PP(C6H5)2 :—N—_) + )
$2 P~

s G

47
o~
yield a tertiary phosphine. A second nucleophilic displacement of
Br by the phosphine gave the cyclic salt ﬁZﬁ Since diphenyl-
phosphinous bromide is a side product in the reaction, its role as
reagent in the cyclization process has been studied40 and found to be
insignificant.

Base cleavage of the salt ﬁz_gave a mixture of phosphine oxides

| N KOH _
A

39a + 39b

S~ ——

47
39a and 39b.39 The composition of the product mixture was rationalized
N e
on the basis of product-resembling transition states which tend to
favor the diequatorially substituted oxide 39b.39

Oxides 39a and 39b were separated via preparative thick-layer

A’ e
chromatography on silica gel plates with acetone as eluent.39 The
separated oxides [§2§:Rf = 0.24; %29:Rf = 0.94] were extracted (Soxhlet)
with methanol, and the resulting extracts were then vacuum distilled
(Kugelrohr) after rotary evaporation of the solvent.
Preparation of the phosphines 38a and 38b was accomplished by
e T g

reduction with phenylsilane of the corresponding oxides 39a and 39b.39
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This type of reduction of phosphine oxides is known to proceed stereo-

Bpecifically with retention of configuration.38 Freshly distilled

C_H_SiH
394 6 3,  38q

100-110°C —
No

C_H_SiH
39b 65 3

~ I00—llo°c~ T
No

phosphines §§§ or 38b were then used direetly in the kinetic experi-

ments (discussion to follow).
A simple experiment to check the structure assignments previously

reported was conducted with oxide 229.39 Oxide 39b was reduced with

phenylsilane38 to the corresponding phosphine §§B. Quaternization

CHeCH,Br . M
38b > CH—P -
|

~ A, ODCB 65 , Br
Ng‘ CH,CgHg
48

of phosphine ;ﬁp with benzyl bromide in ODCB at room temperature gave

salt ﬁ@ (22%) whose physical and spectral properties were identical

to those reported previously.
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Few reports have appeared8’lo on the barrier (AG*) to pyramidal
atomic inversion in cyclic organophosphorus compounds. It was the
intent of this work to determine the barrier (AG*) to inversion at
phosphorus in phosphorinanes 38a and 38b. The procedure consisted of

— —
dissdlving the phosphine 2§i or §§E in ODCB at a spécified temperature
which was maintained at either 417, 437, or 454 K by the appropriate
selection of an external boiling liquids [1,1,2,2—tetrachloroethane
bp 417 K; 1,3,5-trimethylbenzene, bp 437 K; ODCB, bp 454 K]@ Periodi-
cally, an aliquot of the phosphine solution was withdrawn and quenched
by placement in a cold NMR tube. The'lH or 31P NMR spectrum was then
recorded. The composition of the phosphine mixture ﬁaé determined by
integration of the well separated tert-butyl singlets in the lH NMR
spectrum or the distinct 31P signals in the 31P NMR spectrqm. Data
so collected are presented in Tables ITI-VIII and displayed in Figures
1-3. »

The determination of the barrier (AG*) to pyramidal inversion at
phosphorus in §§3‘;;:£:u§§2 was by a least-squares fit of fhe mixture
composition data. Data collected up to ca. 10-hr reaction time were
used»as some decomposition of the phosphines §§§’or §§E took place
after ca. 10 hr at these elevated temperatures. Also, little change

in the mole fraction of 38a or 38b was noticed after ca. 10 .hr of
A~r e~ —

reaction time; thus it was assumed that the equilibrium mixture for

———

38a —— 38b had been formed. The rate constants so obtained from
P — e’

the least-squares plot of the change in concnetration of 38a (or 38b)
-~ e
with time were averaged for each temperature and subsequently employed

%
in the Eyring equation.25 A sample calculation of AG at 437 K follows:



TABLE III

RATE DATA FOR §§? = %gg AT 417 K (TRIAL 1)

25

Mole Fraction

Time (hr)
38a 38b
——r rr——
0 1.00 0.00
2 0.942 0.058
6 0.783 0.217
19 0.517 0.483




RATE DATA FOR 38a

TABLE IV

P~

———liligE AT 417 K (TRIAL 2)

26

Mole Fraction

Time (hr)

38a 38b

—~ —

0 1.00 0.00
3.25 0.901 0.098
6.75 0.834 0.166
10.25 0.748 0.252
17.50 0.544 0.456
- 71.75 0.410 0.589




- RATE DATA FOR 38a ——>

TABLE V

38b AT 437 K (TRIAL 1)

27

Mole Fraction

Time (hr)
e 3%
0 0.394 0.606
1.25 (0.417)% (6.583)*
2.17 0.339 0.661
4.17 0.314 0.686
10.17 0.265 ' 0.735
13.17

0.297 0.703

* Least reliable point.



RATE DATA FOR 38a

P

TABLE VI

——3>. 38b AT 437 K (TRIAL 2)
TR

28

Mole Fraction

Time (hr)
L 23
0 1.00 0.00
1.08 0.829 0.171
2 0.763 0.237
4 0.521 0.479
6.83 0.571 0.429
11.1 0.475 0.525
21.42 0.420 ©0.579




TABLE VII

RATE DATA FOR 38a —— 38b AT 437 K (TRIAL 3)

Pt

Mole Fraction

Time (hr)

s 3

0 0.00 1.00
1 . 0.061 0.939
2 ' 0.098 "~ 0.900
3. 0.164 0.836
5 0.229 0.771
11 | 0.227 0.773
24 0.428 0.572
48 0.474 0.526

72 0.492 0.508




TABLE VIII

RATE DATA FOR 38a ——> 38b AT 454 K (TRIAL 1)

P~

30

Mole Fraction

Time (hr)
e 8
0 0.602 0.398
1.17 0.561 0.439
3.5 0.392 0.608
8.08 0.331 0.669
17.00 0.311 0.689
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Figure 1. 31

P NMR spectra of 383 —_— 38b at 417 K as a function
of time (signal as left end is 85% H,PO,): A) 38a,
t 3 B) t + 3.25 hr; C) to + 6.75 hr; D) t + 10.25 hr

[phosphlges 38a and 38b]
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Figure 2, lH NMR spectra of tert-butyl signal in
38a === 38b at 437 K as a function
of time: A) 38b, t + 1 hr; B) t_+

o o
2 hr; C) t0 + 3 hr; D) tO + 5 hr.
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Figure 3. H NMR spectra of tert-butyl signal in 38a —— 38b
at 454 K as a function of time: A) ts B) t +
1.17 hr; C) t, + 3.5 hr; D) tO + 8.08 hr.
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Average k for 38a ———>> 38b at 437 K

1 ~1

k = 0.0339 hr T = 9.42 x 10°° sec

*
kBT -AG /RT
k = + e

*
6 -1 10 -1 -AG /RT

9.42 x 10 ° sec ~ = (2.08 x 10 sec K~l)(437 Ke

%
1.04 x lO-18 = e“AG /RT

* - -
- G /(1.98 cal K 1 mole l)(437 K)

It

- 41.4

*

AG 35.9 keal mole_l

The barriers (AG*) to pyramidal inversion at 417 and 454 K were
determined in like manner and are given in Table IX.

The barrier (AG*) for inversion in §§3_;5:£:-2§P compares to the
reported value of ca. 36 kcal mole—l for 3-methyl-l-phenylphospholane
Eﬁg}lo and is ca. 4 kcal mole_l higher than that for é number of
dialkylphenylphosphines.l It is interesting to note that 1,2,2,3,4;—
hexémethylphosphetaﬁe {291,8 1, 3-dimethylphospholane 2252,37 and

1-methyl-4-phosphorinanol (52)50 failed to invert after heating at 162°¢
P ——

|
C

(3&125

€5+*ES

49

~~
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TABLE IX

*
— D,
BARRIER (AG ) TO PYRAMIDAL INVERSION IN 38a = 38b

P

- *
T (K) k x 10° (sec™d) AG* (kcal/mole)
417 6.83% 34.6
437 9.42% 35.9
454 17.1% 36.9

* Using the equation for a first-order reversible process for

C -k [c,,. ] '
n [ 3§h? eq[ 38a =-_(kl + k2)t o

(€388, - Keq[ngg]o

k
1
;ﬁi-——~¢- %QE, the values for k are respectively: 0.87, 2.37,

2
and 4.11 x 10 sec L.

rm
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for 4 days, 150°C for 3 days, and 170°C for 18 days, respectively.
Therefore that 38a ——> 38b undergoes pyramidal inversion constitutes
~<—Q—~

the first report of a phosphorinane to do so.

OH
CH3 CH

3
CH, CHs §
CH3

CH3 P ? ?
5 CH,

Hy
50 5| 52

~ ~

From the observations that ﬁgland 38a (38b) undergo inversion at

phosphorus while 50, 51, and 52 do not at approximately the same tem-
e i o g

peratures, it is reasonable to conclude that the phenyl group on P must
influence the development of the transition state in 38a (or 38b) and
49 in a significant manner. It seems likely that there is a decrease
in the barrier to pyramidal inversion when a phenyl group is attached

to P due to (p-p)m overlap in the transition state. An illustration

of this possible effect is given in 53.
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As stated previously, equilibrium data (mixture composition-mole
fraction) were collected for §§§ :;::£§£¥ﬂ1 at the three different
temperatures (417, 437, and 454 K). Data used in the calculation of
AG° at the three different temperatures are presented in Table X. The
equilibrium constants are in favor of the diequatorially substituted

phosphine 38b. Values for AG® were then calculated from

- AG” = RT 1In K .
eq

TABLE X

EQUILIBRIUM DATA FOR 38a,:;:£:'38b

T (K) Koq AG® (kcal mole 1)
417 1.44 -0.30
437 1.38 -0.28
454 1.21 -0.17

In all cases the diequatorially substituted phosphine §§9 was
favored, which agrees with a report11 for 4-tert-butyl-l-methyl-
thianium perchlorate (54), where the equatorial S-methyl group was

favored by 0.275 kcal mole T (AG°) at 100°C.
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C Hé“S
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~~

The 31P NMR chemical shifts for 38a, 38b, 39a, and 39b have been
ST N ST s

recorded in Table XI. The 31P NMR data revealed an unusual difference

between phosphorinanes §§3_and §§P and structurally similar phosphorin-
anols 27a and %ZP reported previously.50 Chemical shifts of -32.92
and -38.62 ppm (upfield from external reference 85% H3PO4) were

observed for 38a and 38b, respectively, whereas 31P shifts of -67.3

and -57.7 ppm were recorded for 27a and 27b, respectively. That the 31P
N

H OH

3l CH3 ©3l
P: —67.3ppm P: —57.7ppm
279 27
chemical shifts for §§§ and §§p were assigned correctly was based on

the 13C NMR data (discussion to follow) as well as on a single

crystal X-ray crystallographic analysis of oxide 229 (discussion to
follow). The latter was reduced with phenylsilane38 to §§B. A
similar observation concerning 31P NMR shifts has recently been made
for cis- and trans-2-phenyl-2-oxo-5-tert-butyl-1,3,2,-dithiaphosphori-

nanes 33a and ;QB.Al These workers suggested that the reversal14

31 . . . .
in P chemical shifts may be due to a predominance of a twist conformer



39

TABLE XI

31y cHEMICAL SHIFTS®

Cpd. 5° (ppm)
38a -32.92
Vs "4

38b -38.62
/v

39a +29.99
39b +28.19
A ?

#Shifts are +0.02 ppm. Shifts determined on ca. 200 mg samples

in 2 ml ODCB. bChemical shifts relative to 85% H3PO4.

indicates shifts upfield from the external standard.

Minus sign
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S S

o<-F|>/S CeH —-p/S

C6H5 3

P: +55.1ppm P:+47.3 ppm
554 55b

for 55a in solution. Similarly, the small 130 shift differences
P~—

3l

[between C(2,6) and €(3,5), discussion to follow] of AS -0.23 in 38a
P
and A8 -2.55 ppm in 39a may be the result of a distorted chair or

twist conformation since the same atoms in 27a (with known absolute
Py S

configuration) displayed a 130 chemical shift difference of AS$ +6.O6.15

We conclude that the anomalous 31P chemical shift data for 38a, 38b,

N

39a, and 39b may result from a geometric deformation of a chair con-
P e

formation in both 38a and 39a. Also in support of this argument,
Pt

molecular models (Courtauld) indicate a severe steric interaction

between the m orbital of the phenyl group (or ortho hydrogens) with

the axial protons at C(3,5) of the phosphorinane ring when phenyl was

axial. This interaction could be relieved to some extent in a distorted

chair or twist conformation (such as 56) for 38a and 39a. Therefore,

~ s e

we suggest that assignment of configuration at phosphorus in phosphori-

nanes based on 31P NMR data alone should be done with marked caution.

AN\
P H
C6H5/
X = lone pair or O
56
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1.1 )
The 13C NMR chemical shifts and 3 P- 3C coupling constants for

phosphines 38a and 38b and the corresponding oxides ggidand 39b are
given in Table XII. Shifts for C(2,6) in 38a and 38b reflect a steric
P ———r L
compression effect for axial substituents compared to that in cyclo-
hexanes.9 Also the 13C shifts for C(2,6) in 38a and 38b reflect
Pt P
the same steric compression effect found for 27a and 27b, which have
Nt pr—
the P substituent in a fixed arrangement of known stereochemical con-
figuration.15 A decrease in the 13C chemical shift from 25.55 ppm
(38b) to 21.55 ppm (38a) was noted in interchanging the position of
o~ P .
the lone pair of electrons on phosphorus with a phenyl group (group
changed from the equatorial to the axial position with the resultant
change in chemical shift being a result of a steric compression
effect?). This AS of -3.60.ppm is smaller than that found by inter-
changing the lone pair and methyl group (AS -5.8 ppmls) in 27a to give
27b. However, the 13C spectra for 38a and 38b were taken in DCCl, and

— P P 3

H_ CCL, for 27a and 27b; thus the difference in AS could be due to

2 2 Pe— P~
solvent effects.2 It remains speculative that this difference (-3.6
vs -5.8 ppm) was due to a steric effect (phenyl vs methyl) since there
also exists some uncertainty in the actual geometry about the phosphorus
atoms (particularly in 38a) in solution.
31, 13 . 1 .

The ~ P-""C coupling constant ( JPC) for P-C(2,6) in 38a (11.5 Hz)
was essentially the same for 27a (12 Hz) and similar to that found for
lJPC [P-C(2,6)] in 38b (8.9 Hz) and 27b (10 Hz). This suggests the

— P e
electronic factors affecting lJPC [P-C(2,6)] in these two compounds do
not differ markedly.
13

The C chemical shifts for C(3,5) were apparently indicative of

the orientation of the substituent on phosphorus in phosphines 27a and
Pt
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C NMR PARAMETERS: CHEMICAL SHIFTS® (
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TABLE XII

3lP—13C COUPLING CONSTANTS)b

Compounds
Carbon(s) ,33‘3 §§3 ’3_92 21'3

2,6 21.55(11.6) 25.55(8.9) 27.58(64.8) 28.69(64.2)
3,5 21.32(s) 24.86(5.1) 25.03(3.8) 22.37(5.8)
4 47.98(s) 48.48(s) 48.06(s) 49.03(s)

7 31.82(s) 31.93(s) 32.72(s) 33.03(s)
8,9,10 26.17(s) 26.70(s) 27.64(s) 27.48(8)

11 137.34(19.4)  140.60(15.6) 130.06(75.0)  133.31(94.9)
12,16 128.82(11.9) 129.40(15.6) 129.63(8.9) 129.95(9.0)
13,15 126.99(s) 126.98(7.6) 128.79(11.1) 128.35(11.1)
14 124.98(s) 126.64(s) 129.45(s) 131.42(s)

aShifts are

+ 0.03 ppm downfield from internal TMS. bCoupling

constants are + 0.7 Hz; s = singlet. €See Figure 5 for numbering of

positions.
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27b.15 The 13C chemical shift for C(3,5) in éﬁi (21.32 ppm) was at

P

higher field as compared to that in 38b (24.86 ppm), which reflected
the axial orientation of the phenyl group in §§3. The 31P—13C

coupling constants (ZJPC) of 0 Hz for 38a and 5.1 Hz for 38b are also
similar to those reported for 27a (0 Hz) and 27b (7.5 Hz).15 As dis~

. —— [qa .

cussed for 27a and 27b, these 2J values are representative of the
disposition of the substituent on phosphorus, i.e., the larger coupling
constant (2JPC) corresporids to the conformer where the dihedral angle
(o) between the lone pair of electrons on phosphorus and the C(3) [or

15 Also carbon atoms 4, 7, and

C(5)] atom is small (see structure 3.
8 (9,10) in 38a and 38b had very similar 13C chemical shifts, probably
PN e

relfecting minor geometric differences around C(4) in solution.

H
CH5

e~
P
VTS

(equatorial phenyl, 38b)

27

The 13C chemical shifts for the carbon atoms in the phenyl group

in 38a and 38b were suggestive of the disposition of that group. For
P — e~

example, in §§§ with axial phenyl, C(11) should be shielded compared

to C(11l) in 38b with equatorial phenyl. This was indeed the case and
N

13

C(11) in 38a had a C shift of 137.3 ppm compared to a value of 140.6
P

ppm in 38b. However, the 130 signal for C(11l) in 38b was nearly the
P

e g
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same (140.6 vs 141.3 ppm) as that for the same carbon in l-phenylphos-

phorinane (24).18 This similarity could have arisen from a solvent-
P

induced shift2 (C6D vs DCCl3 for 38b) since the axial preference of

6 P
several exocyclic P substituents in phosphorinanes has been well
1
documented.27 The 31P- 3C coupling constant (lJPC) for C(11) in 38a

was 19.1 Hz compared to 15.6 Hz for C(11) in 38b. This reduction in
o~
the coupling constant in 38b (presumably becoming less negative 18) may
P
have been due to a relief in steric strain about phosphorus with equa-

torial phenyl as compared to 38a with axial phenyl. The same observa-
Ve

tion was made for C(12,16) in 38b, i.e., 2J increased with a decrease

in steric strain at phosphorus [2J (38b) = 15.6 Hz vs 2J (38a) =
PC "~ PC "o
11.9 Hz]. The above conclusions were based on the assumption that

. 2 - iaa s
J_ ., was negative and JP was positive utilizing data reported for

PC C

similar compounds.18
Phosphine oxides 38a and 39b gave quite interesting 13C NMR
o~ e~
results, further delineating the geometric configuration about phos-
phorus. The 13C chemical shifts for C(2,6) in 39a appeared upfield
P
at 27.58 ppm (lJPC = 64.8 Hz) compared to the same carbon atoms at
28.69 ppm (lJ = 64,2 Hz) in 39b. This small shift difference probably
PC —~
reflects the steric comperession associated with axial phenyl in 39a.9
Eam 1
It was interesting to note that atoms C(3,5) in 39b (equatorial
phenyl) were more shielded (22.37 vs 25.03 ppm) than C(3,5) in 39a
(axial phenyl). These data compare favorably to those reported earlier
concerning increased shielding at the y-carbon (y to oxygen)

("y-shielding") caused by the change triethylphosphine»triethylphosphine

4
oxide17 and y-shielding accompanying sulfurization of phosphines. 8



45

Again carbon atoms 4, 7, and 8(9,10) were quite similar in both 39a and

et

39b, suggesting that the geometric and electronic environments about
PN

these atoms were similar.

13

The striking feature found in the C NMR spectra of the ﬁhenyl

carbons [11,12(16), 13(15), and 14] of oxides 39a and 39b was the
P e "

dramatic difference at C(1l) in terms of both 13C chemical shift and

31P—-l3C coupling constant. The 13C chemical shift for C(11l) in 39b

3

of 133.31 ppm was close to the 1 C shift for the comparable carbon

(134.29 ppm) in simple l-phenylphosphorinane l-oxide (58)18; and

Po——

P
0™
CHg™ ™0

58
the 1J values were similarly close (94.9 Hz in ;29 vs 92.6 Hz in

PC

58), both in DCCl This similarity was suggestive of prefential
—~

3

axial orientation of the oxygen atom in 58, an observation reported
—~

earlier with similarly substituted phosphorinane l—sulfides.12

However, the higher field signal for C(11) in 39a (130.06 vs 133.31
——

ppm in 39b) and the smaller lJ value of 75.0 Hz (vs 94.9 Hz for 229

PC
more nearly resembled the same parameters found in dibutylphenyl-
phosphine oxide (59) and 2,2-dimethyl-1-phenylphosphetane l-oxide
(992.18 Consequently, that the 13C chemical shift for C(11) in 39a

. 1
and the corresponding JP value were only the result of steric

factors seems questionable. Interestingly, a small upfield 130

C
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shift was observed for C(14) in 39a compared to C(14) in 39b (129.45
~ P

vs 131.42 ppm, A8 ~1.97).

| o |
© H) ,;_@ 3078 ppm s
492" 7 (T HIN N0t

131.55 ppm -0
(85.8 Hz)

59 ~ g0

A single crystal X-ray crystallographic analysis of oxide 39b

)}

P
further supported the 31P and 13C NMR data for phosphines 38a and 38b
. o— ~—

and oxides 39a and 39b discussed previously. A stereoview of a single
P

molecule of‘ggg is shown in Figure 4, and the numbering scheme, bond
distances, and bond angles are shown in Figure 5. The phosphorinane
oxide EEE exists in a chair conformation as can be seen from the torsion
angles reported in Table XIII. The tert-butyl and phenyl groups afe in
equatorial positions with the tert-butyl group staggered with respect
to its attachment to the phosphorinane ring. With the exception of the
phenyl group, oxide égkﬂpossesses a pseudo mirror plane passing through
atoms P(1), C(4), C(7), C(9), C(11) and 0(1l). The dihedral angle
between the pseudo mirror plane and the plane defined by the atoms of
the phenyl group is 20.1°. Alternatively, this can be viewed as a
rotation of the phenyl group about the P(1)—C(11) bond away from the
pseudo mirror plane resulting in a torsion angle 0(1)-P(1)-C(11)-C(12)
of 19.8°; the relatéd torsion angles as reported in Table XIIT.

The rotation (ﬁZOO) of the phenyl group is a result of two close

intramolecular contacts. The rotation cannot easily be less than 20°



Figure 4.

Stereoview of a single
molecule of §3P°

47
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O B
because of a contact between 0(1) and H[C(lZ)] of 2.63 A and cannot
be greater than 20° because of a contact between H[c(6)] and H[C(16)]
o}
of 2.19 A. These contacts result in a high rotational barrier for the

phenyl group, and thus produce the observed conformation.

TABLE XTII

TORSION ANGLES FOR 39b
P~

Angle $(®) Angle $(°)
P(1L)C(2)C(3)C(4) 61.9 o()rP(1)c(Al1)c(2) 19.8
c(2)c(3)cs)c(s) -62.4 C(2)P(1)C(11)C(12) -106.7
C(3)Cc(4)C(5)C(6) 63.6 C(6)P(1)C(11)C(12) 147.0
C(4)c(5)c(6)P(1) -63.8 O(L)P(1)c(11)C(16) -161.6
C(5)C(6)P(1)C(2) 55.3  C(2)P(1)C(11)C(16) 71.9
C(6)P(1)C(2)C(3) ~54.7 C(6)P(1)C(11)C(16) -34.4

When the chair conformation in oxide 39b was compared to the chair

P
conformations in 1l-phenyl-4-phosphorinanone (28)42, 4,4-dimethoxy-1-
P g

phenylphosphorinane (29)43, trans-4-tert-butyl-l-methyl-4~phosphorinanol
VN

(27a)44, and 4-substituted epimeric l-methyl-4-phosphorinanol
7~

l—sulfides49 (all with axially oriented alkyl or aryl substituents on
phosphorus), it was observed that the magnitudes of all torsion angles
were larger for the present structure 39b. The difference is ca. 10°

P ~—

for the P(1)-C(2) type, 5° for the C(2)-C(3) type, and 2° for the
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C(3)-C(4) type, indicating that the chair conformations for those

phosphorinane structures are flattened with respect to the phosphorinane

oxide ring in 39b. However, the average torsion angles in equatorial
P~

substituted sulfides 31 and 3449 are only slightly smaller than those

e

H OH
OH CH3

(:Fi “'Ei (:P*Eg_-ﬁi
S 3 > 34

7~

in 39b which conceivably results from the presence of sulfur with a
PN

o
larger van der Waals' radius of 1.85 A compared to oxygen with a radius

45

o
of 1.40 A. In addition, the average endocyclic bond angles at a ring

C atom in 39b was 3° smaller than the average of the previously reported
Pl

values for the phosphorinane ring systems. Also the endocyclic bond
angle at the P atom was 2° larger. These observations are accountable
on the basis of an equatorial phenyl group and the hydridization at
phosphorus. The hybridization change on P is probably the main factor

for resultant shortening of the P-C bond distances in 39b by 0.03-0.05

~~

o]
A compared to the comparable bond in 4,4-dimethoxy-l1-phenylphosphorinane

(29)43 and l—phenyl—l;—phosphorinanone.(28).42 The observation that the
P

o~

o
P(1)-C(11) (spz) bond length of 1.805(2) A in 39b was greater than two

21,61

o .
reported P—C(sp3) bond lengths [average of 1.793 A] is somewhat

unusual. Comparison of the P(1)-C(11l) bond length in 39b with that in

21,61

the salts reported may not be entirely legitimate since the angles

around 