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INTRODUCTION

Because of the difference in the primary objectives of.
the two investigations recorded herein, this thesis‘has been
divided into two parts. Each is complete and independent of
the other, containing its own historical section, discussion
and conclusions, experimental part, and bibliography.

The first part concerns the stereochemistry of the
Michaelis-Arbuzov rearrangement in a conformationally homo=-
geneous system. Conclusions are based on the similarity of
the products detected in the reaction of three different
’compounds with trang-4-t=-butylcyclohexyl diphenylphosphinite.
| In the second part of the thesis, the preparation and
the interpretation of the nuclear magnetic resonance spectra
of a series of dialkyl acylphosphonates are discussed. The
magnitudes of several coupling constants between hydrogen
and phosphorus nuclei are utilized as a basis for conclu-
sions regarding the spatial geometry of adjacent carbonyl
and phosphoryl groups. This report is part of a continuing

series of investigations of this unique system.



PART I

THE STEREOSPECIFICITY OF THE MICHAELIS~ARBUZOV
REARRANGEMENT IN 4~t-BUTYLCYCLOHEXYL DIPHENYL-
PHOSPHINITE
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CHAPTER I

HISTORICAL

The Michaelig-Arbuzov Rearrangement

In 1898, Michaelis and Kaehne*® recorded the first
preparation of an "O-phosphonium" compound, methyltriphen-
oxyphosphonium lodide, via the reaction

H — ; i
(C6H50)3P‘ + CH3I (G6H50)3PGH3,I
between triphenyl phosphite and methyl iodide. It was shown
that this compound and other salts derivéd from triaryl phos~
phites, later designated as quasiphosphonium salts, decom-
posed in aqueous base to give hydroxy compounds, phosphonates,
0

o)

e ., 4
(CgH50) B0z, I + HOH —b COgHZOH + (CgHz0),PCH; + HI

5 3

and hydrogen halideé°

When trialkyl phosphites react with alkyl halides, the
quasiphospﬁonium salts formed are generélly unstable and
decompose under reaction conditions to yiéld alkyl halides
and phdsphonateé. This reaction has become known as the

Michaelis-Arbuzov rearrangement and has been extended to



other types of phosphorus esters. The order cf reactivity

of trivalamephosphorus esters towards attack by alkyl halides
has been shown to be phosphite < phosphonite < phosphiniteﬁ3
Thus the reactivity seems to be proportiocnal to the number

of carbon-phosphorus bonds.

A great deal of attention has been focused on the
Michaelis-Arbuzov rearrangement since its discovery, largely
owing to its synthetic utility as a convenient means of pro=-
ducing carbon-phosphorus bonds., Several reviews on the

R 1@ R’

. | |
-P-OR + R’ X— | =pR0R | —» ~P=>0 + RX
u a

scope and mechanism of this rearrangement and related reac-
tions are available,>¢23%:3¢

The two~step mechanism shown above was first proposed
by Arbuzovo3 The presence of an addition compound as an
intermediate seems well established934 although 1ts degree
of lonlc character 1s subject to considerable speoulationo26
There is some recent evidence that a transition state, rather

than an actual initermediate, is involved.in the reaction

between ethyl icdide and ethyl diphénylphdsphinite., This

© H H
6o \c/ CH
& T3
(O6H5)2P\ E
CH3CH -1

cyclic transition state is shown above, modified over the



original representation ' 4o exclude certain sterecelectronic
ambiguities, such as two neutral carbon atoms with 4.5 bonds.
Regardless of its representation, this species is improbable
in view of the stereochemical studies of Gerrard and Green,
gince it would lead to retention of configuration. Further-
more, crystalline intermediates, which decompose to phos-
phine oxides upon warming, have been isclated from low-temp-
erature reactions of alkyl dialkylphosphinites with alkyl
halideso#4

Stereochemical Studies of the Decompogition of

Quasiphosphonium Salts

37,38 introduced a novel method of

Landauer and Rydon
producing alkyl icdides yvila the decomposition of methyltri-

phenoxyphosphonium iodide by alcohols. Phenol and diphenyl
(C6H50)3P0H3,I + ROH-———»(66H50)2P(0R)0H391 + G6H50H

o
(06H50)2(OR)GH391®———>(06550)29(0)0H3 + RI

methylphosphonate were alsc isolated from the reaction mixe
ture indicating that a transesterification had occurred
first, followed by the usual type of decomposition of the

less stable quasiphosphonium salt formed. The decomposition

1© CHs CHy
~N
(CgHg0) 5FO0H + HIO-0H — T-QUIE  + (C4H0) ,PCH;
CeHy3 Cellys

%+ G6H50H

2,20



step apparently occurred by an Sy2 route, as evidenced by the
inversion of (+)}=2-cctancl to produce (=)=2=iodocctane and

by the absence of rearrangement in the formation of neopentyl
icdide.

Likewise, tri-2-cctyl phosphite, prepared from (+)=-2-
octanoljg reacted with ethyl iedide to produce (=)=2~icdo=-
Sctane29 with inversion of configuration. Thus in a classi-
cal Michaelis-Arbuzov rearrangement, there is evidence for
an Sy2 mechanism in the second stage of the reaction.

1,22 . .
the isolation of in-

In these and other examplesf
verted 2-occtyl halides was attributed to the occurrence of

an intermolecular, end-on, 3-=center dealkylation of the

®©
Hit Cuom{(OR)g——u—o Xamegneaomf(oa)2———9 Xm%WiH

i CgHyz R Celys

06H13 R

+ O¢—$€OR)2

R

quasiphosphonium ion by halide ion.
Berlin and co-workers®’’ treated l=phospha=~2,8,9=tri-

oxaadamantane with several alkyl halides to produce a series

o 0
/P\ 4
’ R=P

0 0 W
0 00

of bicyclic phosphonatéso IR, NMR, and dipole moment studies
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indicated that these products possessed an equaterial chlo-
rine atom. This is in accord with an Sy2 displacement by
chloride ion at one of the bridgehead atoms in a quasiphos-
phonium intermediate of the usual type. An extension of this
work by Verkade48 included a reactiocn with an alkyl tosylate,

which gave comparable results.

The Mechanism of the Reaction of Polvhalomethanes

with Trivalent Phosphorus Bsters

Kamai and ]rz.‘go:c"w:a'3‘ﬂ first investigated the reaction
between carbon tetrachloride and trialkyl phosphites. It
was found that one of the four chlorine atoms reacted to
give the usual Michaelis-Arbuzov products. Later this
-reaction was shown te be light- and pezc"maf*Ld.e-=c*%3L’l:’“'a;ﬁ.,57ze.ad,'32

and thus a radicalechain process was suggested. Griffin25

+0CLy + (30)393 —— (RO%BPGG].B

o ’ ?
A.  (RO);PCOL; — (RO),PCOL5 + °R
‘R + 001, ROL + +C0l4 |
01©
o @
B. (RO)5P00L5 + CCL, —— (RO)5PCCL; + *CCly

c1© 9

4
(RO)B'CGI3-m=>'(RO)2P0013 + RC1
proposed two pathways, A and B, for the conversion of the
phosphoranyl radical to phosphonate. The absence of hydre-

carbon in his products led Griffin to express a preference for
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B. Walling, ~ however, pointed out that the reaction between
°R and carbon tetrachloride is rapid enough to preclude the
formation of hydrocarbons from this radlcal, and stated his
preference for path A,

Ramirez and McKelvie “?* showed that phosphonium salts

were indeed obtainable by a free-~radical route. From the

(C6H5)3P3 + °CHBr,——» (C6H5)3PGHBr2
C
(06H5)3PCHBr2 + CHBrB-———) (06H5)3PCHBr

+ ¢CHBr

2 2

light-catalyzed reaction of carbon tetrabromide with tri-
phenylphosphine, there was isolated a high-melting solid
(80%), which was identified as triphenyl(dibromomethyl)phos=-
phonium bromide. Unfortunately, aryl phosphorus esters are
resistant to polyhalomethanes even at high temperaturesf3and
no case of a stable quasiphosphonium salt formed by a free-
radical pathway has yet been isoclated.
The most concrete evidence for scheme B was provided
by Cadogan and Foster, = who treated B,B-dimethylphenethyl
diethyl}phosphite with carbon tetradhlorideo A careful anal-
CHs CHz 0
06H5%0H20§(002H5)2EEEE%>06H5%0H20f00235>+ CpHsCl
GHB ’ CH

CcCl

3 3

vels of the products revealed only B,Budimethylphenethyl ethyl
trichloromethylphosphonate and ethyl chloride. It is apparent
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that the production of B,B-dimethylphenethyl radicals is as

C6H50(OH3)20H2-—“—> C6H CH,C(CH

5CH,C (CH)

likely to occur as that of ethyl radicals if route A is the
preferred pathway, whereas a nucleophilic attack by chloride
ion would not displace the f,B-~dimethylphenethyl group.z9

Thus the absence of dimethylphenethyl chlorides and other
products of the derived radicalg precludes A in this system.

Burn and CadoganH treated triethyl phosphite with carbon

tetrachloride in the presence of ethanol. From this mixture,
chloroform, triethyl phosphate, and ethyl chloride were 1iso=-
lated. This game reaction was discovered independently by

Crofts and ZDownie,]3 who proposed a mechanlism involving a

@ SO C)
(02H50)3PC013——-> CHOl + (CoHZ0)5POC,H

275
CQH;&H
c1®
0 H.0) B0 '
(C,Hg0) 5P04C 18y — (C,H0) ;P—>0 + G HCL

quasiphosphonium ion, based on the polarity of the phosphorus=-
oxygen linkage produced.

In summary, the majority of evidence in the reactions of
polyhalomethanes with phosphites seems to support an ionic
intermediate (pathway B) rather than an alkyl radical (pathway
A).
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The Reaction of Tosylate Esters with Trivalent

Phosphorus Compounds

In the synthesis of phosphonates and other phosphorus
esters via the classical Michaells-Arbuzov rearrangement,
one of the difficulties frequently encountered has been the
inconvenience of working with, or availability of alkyl
halides. The need for a more convenient method of preparing
phosphonates from simple alcohols led to the discovery by
Myers and co-workers ' that the Bftoluenesulfonate (tosylate)
esters of these alcohols effected the necessary conversions
under milder conditions than those necessary when halides
were used.

As noted previously, Verkad348 successfully prepared
a bicyclic phosphonate from the reaction of l-phospha=-2,8,9-
trioxaadamantane with an alkyl tosylate. The presence of an
equatorial tosylate group in the product suggests that an
Sy2 pathway might be operative in this reaction, just as in
the corresponding reaction with alkyl halides.

The only other published material found on this reaction

was a note by Denney and Giacin.'* These workers treated tri-

[ i ? i’
(RO);P: + R'0Ts —b ERO);‘?R],@OTB — (RO),PR’ + ROTs

phenyl phosphite with methyl tosylate and obtained phenyl
tosylate and diphenyl methylphosphonate. These same products
were 1lsolated from a mixture of methyltriphenoxyphosphonium

lodide and silver tosylate. Evidently a quasiphosphonium



T4

tosylate is formed but 1s too unstable to permit isolation.

This instability is somewhat surprising in view of the weak
nucleophilicity of the tosylate anion. The explanation pro-
vided was that the quasiphosphonium ion and the tosylate anion

united to produce an intermediate which could then decompose

CH
© o%goﬂ)
(O6H50)3PCH3 + ArSO3 ~——>'C6H5 I( 6500
&)
SO2Ar

intramolecularly as shown, or possibly by loss of phenoxide
ion which subsequently attacked the sulfur atom.

Phosphonium tosylates have been prepared.B9 from tertiary

phosphines and methyl tosylate. These salts were readily con=

R PGH39@OTS

3P: + CHBOTS —>R3

verted to the correspondihg iodides and picrates by which

they were identified.

The 4=t-Butylcyclohexyl Group

The fact that 4-t-butylcyclohexyl compounds are confor-
mationally homogeneous is rather well-established, although

the reason for the so=called preference of the t-butyl group
for an equatorial position is often misunderstood. The energy
barrier toward ring inversion in such systems is not prohib= .
itive; in fact, such "flipping" is believed to occur to a

high degree. However, the equatorial conformers are so much
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more stable (AF = 5.5 kcal./mole) than the inverted, axial
forms that the former predominate by a factor as high as

10,000 at room temperature. Consequently, Substituents at

X .
LT w =7
cis,axial trans,equatorial
C-1 in‘91§n4f£fbutylcyclohexyl compounds are directed almost
exclusively to the axial position, whereas those in the corre~
provided that such substituents are sufficiently smaller than
the t-butyl group.'®
The conformational homogeneity exhibited by these com-
pounds has been used as a basis for stereochemical studies.
Differentiation between the Syl and Sy2 mechanisms in dis-
placements at C-1 can be accomplished by examination of the
products obtained., Inversion should yield gis-~isomers from
trans-isomers, and vice versa.
Occasionally complications arise in using this method,

Winstein and-HolnessEfﬂ

described the solvolysis of g¢is< and

trang-4=-t-butylcyclohexyl tosylates (I and II, respectively).

The ethanolysis of the trans-tosylate II was not accelerated
III

= LT
7A¢£:::::;; + III
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by addition of ethoxide ion, suggesting that an Syl reactlon
was oécurring via the usual type of carbonium ion. However,
only cis products and 4-t-butylcyclohexene (III) were iso-
lated. To resolve tﬁis apparent contradiction, the authors
proposed that; although a carbonium ion IV had formed; it
remained closely associated with both the éntering (SOH) and
leaving (C)OTS) groups, through solvation and ion pair‘for-

mation, respectively. Axial-side attack of solvent could

yleld the stereospecific substitution product, or a B-proton
could be eliminated, producing the olefin ITI. The‘gigf
tosylaté I also gave inverted products, and a. slightly larger
percentage of olefin III was found. The same mechanism was
proposed for I as for‘II with poésible limited intervention
of E2 elimination, a highly favored reaction in some easeé
for axial substituents. "

When treated with lithium bromide in acetone;” frang-
tosylate II &ielded ¢ig=4=t=butyleyclohexyl bromide and
olefin III. The occurrence of elimination simultaneously
with Sy2 substitution was somewhat unusual and required fur-
ther explanation. A novel mechanism was proposed, involving
"merged substitution and elimination.” An actual intermediate

V, geometrically and electronicaily analogous to the usual
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Br

III

Sy transition state, was thought to appear just prior to the
occurrence of both reactions. Completion of the usual Sy2
pathway could then produce the‘gggfbromide, or a non-stereo-
specific elimination could proceed with detachment of both
nucleophiles, ©ors and Bﬁa, along with a B-proton. The "merged"
mechanism, as it is now designated, has received additional
support from étudies of displacements by thiophenolate lon at
the C-1 atoms of ¢is~ and trang-4-t-butyleyclohexyl bromides'®
and 4,4-~dimethylcyclohexyl tosylateal8 Some opposing evidence,
which seems to favor an E2 mechanism for the elimination, has
been described’ from free-energy conslderations.

Other 1nvestigationslof 4m£-butylcyclohexyl compounds
include saponification rate studies of the ethyl 4=t-butyl-
cyclohexanecarboxylatesW and 4-t-butylecyclohexyl tereph-
thalatesgs1 oxidation ratemétudies of the corresponding
aloohols,45 and reactions of the appropriate amines with
nitrous acid.”® Further information and references are avall-
able'® on this .and other conformationally homogeneous cyclo-

hexyl systems (decalins, steroids, menthyl compounds, etc.).



CHAPTER II
DISCUSSION OF RESULTS AND CONCLUSIONS

Three distinct but closely related reactions were studied
from a stereochemical viewpoint, utilizing the conformationally
" homogeneous system of trans-4-t~butylcyclohexyl diphenylphos-

phinite (VI). This ester was prepared from a mixture of cis-

| /\27 27‘3 (CsH 5 201 MOP(% 52
VI

VIIT

LTt o)

IX

and trang-4~t-butylecyclohexanol (VII and VIII, respectively).
The structure of VI was established by IR and NMR spectroscopy
and by its oxldation in air to trang-4-%i-butylcyclohexyl di-
phenyl phosphinate (IX), the structure of which has been estab-
lished,” The C=1 proton in VI (see Plate VIII) occupies a
field position (ca. & 4.0) very close to the corresponding
absorption in IX (see Plate IX). Both peaks have half-widths
greater than 20 c.p.s.; indicating axial conformations for
the protons represented.,5 Equatorial protons generally dis=-
play absorptions with half-widths less than 12 c.p.s., where-
as those for axial protons are 15 c.p.s. or greatero28 Exam=

ples of these two types of absorptions can be found in the MR

18
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spectra of the gig- and trang-chlorides, XII and XIII (Plates
XI and XII). The equatorial proton in XII was displayed at

8 4,30, and the axial proton in XIII at 6 3.67 in carbon
tetrachloride which clearly shows the large field separation
of the two dissimilar protons. Thus it is concluded with a
reasonable degree of certainty that VI is indeed conforma=-
tionally homogeneous trang=-4-t-butylcyclohexyl diphenylphos-
phinite.

Because the clg=isomer of VI would be an undesirable
impurity, an attempt to prepare this cis-phosphinite was
undertaken., Pure cilg-alcohol VII was treated with diphenyl-
phosphinous chloride under a steady stream of nitrogen. 1In
spite of this precaution against air oxidation, the major
components in the reaction mixture were VII and cig-4-t-
butylecyclohexyl diphenylphosphinate (X), as evidenced by the
large absorptions for =-0H (3360 cm.-5 and P—0 (1193 cm.™!)
displayed in the IR spectrum (Plate III). The facile oxi=-
dation of cig-4-t-butylcyclohexyl diphenylphosphinite to X
1s understandable in view of the vulnerable position of the

'f'(OSHS)Q og(csﬂ

rapid
Tl

5)2

X

trivalent phosphorus atom above the ring. Molecular models
indicate that the corresponding phosphorus atom in the equa=-
torial conformer VI is somewhat protected by the equatorial

B-hydrogen atoms. Thus the latter isomer should be less
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readily oxidized, which indeed appears to be the case.

A small asmount of gis-phosphinate X was detected in the
trang-phcsphinite VI reaction mixture by NMR. Subsequent dis-
tillations finally removed all detectable amounts of X, leaving
trans-alcohol VIII as the only detectable impurity (ca. 20-
30%) .

The reactions A, B, and C of trans-phosphinite VI with

benzyl chloride, carbon tetrachloride, and methyl tocsylate

N cl
P(C.H.) 0, H.CH,C1
AON“g—_—i——-—M 2 .
XIT III

VI

+ (O6H5)2PCH206H

5
0

001y 3

B. VI —p XITI + III + (C6H5)2 CClgc
_ XT 5
OTs

CHBOTS

C. VI —2_ p + III + (G6H5)2POH3

yielded the expected ngéproducts in each case, free of any
detectable amounts of thg corresponding trans-iscmers, but
contaminated with olefin III-and unchanged trans~alcohol VIII.
The phosphine oxides were alsoc detected except in reaction B,
which yielded 1,2~bis(diphenylphosphinyl)-1,1,2,2~tetrachloro~
ethane (XI), rather than the expected product, diphenyl(tri-
chloromethyl)phosphine oxide.
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The first reaction,A, is a classical example of a
Michaelis-Arbuzov rearrangement of a reactive phosphorus
ester and a reactive halide. The sterecchemistry of the
resulting halide, gig-4-t-butyleyclohexyl chloride (XII),
supports the evidence obtained by Gerrard and Greerf”O for
an Sy2 mechanism for the second step of rearrangements in
this series.

Standard samples of XII and its isomer, frang-4-%-
butyleyclohexyl chloride (XIII), were prepared by a pub=
lished procedureaaq It was not necessary to lsolate the
individual isomers by the ﬁimemeonsuming procedures described.
The fortuitous ease of dehydrochlorination of the cig-~isomer
XII compared to that of the trans-isomer XIII provided a
means of labeling these two compounds via TLC, which was all
that was necessary in this study.

The occurrence of a salt-1like material in reaction A
at room temperature was not surprising. However, the high
thermal stability of this material was quite unexpected.
Nevertheless, the material was tentatively characterized as
trans=-(4-t=-butylcyclohexyloxy )benzyldiphenylphosphonium
chloride (XIV) on the basis of its high melting point, its
IR spectrum, its reactions with aqueous silver nitrate, and
its high-temperature décomposition to give g¢lg=chloride XII
and olefin III. The decomposition of XIV when it is dis-
solved in the reaction mixture A ig evidently quite facile.
Once XTIV has precipitated from this medium, however, the

chloride ions may be highly associated with the positively
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a®

OP(CgHg )y
7LZC::j:; CHyCgHs

XIv

charged phosphorus atoms in a crystal lattice. These chlo=-
ride ions would not be free to attack the C=1 position of
the cyclohexyl ring until the lattice is broken up at or
above the melting point of XIV (268-70°).

Further experimeﬁts will be nécessary before the struc-
ture of XIV can be conclusively egtablished. Very small
yields (<2%) of this compound were obtained under the condi-
tions employed, and the purification process proceeded slowly
with significant loss of material. The IR spectrum indicates
the presence of a hydroxylic impurity which is probably water
or trang-alcohol VIII. Before the recrystallization from
water, there was also evidence of the presence of benzyldi-
phenylphosphine oxide from comparison of the IR spectrum
with a known standard. The presence of small amounis of
this latter lmpurity could account for the low percentages
of carbon and hydrogen and the high chlorine and phosphorus
péroentages in the elemental analysis of XIV (see Chapter
III).

Reaction B may follow a radical-chain course similar to
those described in Chapter I for the reactions of other phos-

12,25,31,32

phorus esters with carbon tetrachloride, The

appearance of the coupling product XI seems to verify this
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conclusion. A plausible mechanism for its formation frem the

0 0
S | ' 4
(C6H5)2£C}Cl3 + °0013ﬂmm}(G6H5)2P0012° + 0614
2
2 (C6H5)2P0012° —Pp X1

expected monomeric phosphine oxide is shown above. Bunyan

10
and Cadogan - have propcsed a simlilar pathway for the reaction
of bromotrichloromethane with triethyl phosphite. No coupling

product was found in this reaction mixture. However, a rad-

ical analogous to the (diphenylphosphinyl)dichloromethyl

0 0 .
; * ©°
(02H50)2P00124 + (02H50)3P8 E— (02H50)2£0012P(0Q2H5)3

BrCCl

3
-=~CCl3

0 9 0 !

radical was proposed. Reaction of the latter with ancther
molecule of triethyl phosphite evidently led to the production
of bis(diethylphosphoryl)dichloromethane. Steric hinderance
might have prevented the cccurrence of this step in reaction
B in our work,

The presence of gig-chloride XII and absence of the
Eggggfisqmer XIII shows reaction B to be sterecspecific,

Furthermore, the presence of olefin III suggests that the
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intermediate in reaction B is analogous to that in reaction
A, that is, a quasiphosphonium salt., This is also in accord
with the conclusions expressed by most investigators (see
Chapter I) regarding the fate of the initially formed phos-
phoranyl radical. The formation of 4=t-butylcyclohexyl

radicals (XV) seems improbable in view of the behavior of XV

.0l .
xl:::] ——» XII + XIII (2:1)
XV

in the presence of a source of chlorine atoms, as reported
by Greene and co=workers°24 Both chlofides, XII and XIII,
were obtained, but the detection of olefin III is not men~
tioned in their paper for a reaction involving the radical
XV. Consequently, for reaction B, the most favorable mech=~

anism appears to invelve a disproportionation between a phog-
1@
@

| 0P (CLH, ) CO1y P(C.H.)
s . 7&!5:::::770' A
#dé:::::jfu 001, ' . cel, ’

phoranyl radical and carbon tetrachloride to give the usual

Q-

~type of quasiphosphonium salt, which subsequently undergoes
nucleophilic attack at C=1 by chloride ion to yield the ob-
served products.

Further studies of this reaction might include: (1) a
conversion of an optically active 2-cctyl phospheorus ester

by carbon tetrachloride to verify the stereochemistry proposed
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here, and (2) a low=-temperature study which might allow iso-
lation and identification of the elusive quasiphosphonium
salt proposed but unverified for such free-radical reactlons.

Reaction C belongs to a relatively unexplored area, the
reactions of sulfonic esters with trivalent-phosphorus esters.
In Chapter I, evidence 1is citedW to indicate that a quasi-
phosphonium type of intermediate is involved but decomposes
by a different pathway from the one generally accepted for

Michaelis=Arbuzov rearrangements. This course would lead to

R 0

.B.I'.OJ-P(OJ&I')Q —p ArosozAr‘ + 111:(01&1-)2
Ar'OES-GO

retention of configuration, however, and is thereby unsatis-
factory for explaining the results described herein, although
it may be valid for the rearrangement of aryl phosphorus esters.

The similarity of the products identified from C to those
detected from A and B suggests that the same type of mecha=
nism is operative in all three cases. Although the tosylate
anion 1s a relatively weak nucleophile,23 1t now seems likely
that the driving force for the production of compounds pos-
sessing a phosphoryl (P — 0) group is sufficiently strong to
overcome this obstacle. Thus it might be said that such
tetrasubstituted phosphorus compounds are better "leaving
groups" than even tosylate ion.

Further verification of the stereochemistry of this

reaction could be attained from an investigation of the
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products obtalned from optically active trif2=octyl phosphite
and alkyl tosylate, as noted by Gerrard and Green®® for alkyl
halides.

It is conceivable that all three reactions (A, B, and C)
. could proceed by a course resembling that proposed by Winstein
and co-workers ~ for the reaction of trans-tosylate II with
bromide ion. Whether or not the so-called "merged" mechanism
1s operative in either case, the analogy is quitevélose, and
comparison of the two systems on this basis seems justified.
The necesgssary assumptions are that a quaéiphosphonium inter-
mediate exists and that it is relatively ionié in character
s0 that the halide or tosylate lon is free to attack the C=1

position. The resulting "intermediate", XVI, is a stereotype

NS,
x© H x H
~ o@ H) —b \\6%%3(01{)
5 R R
XVI
A, R = CGHBCHE; X =20C1 0
!
B. R=0Cly; X = 0l ~RP(CgHg) 5
¢substitution iglimination
C. R = CHg; X = OTs

o~ 0

ITI
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of V (see Chapter I), and loss of phosphine oxide could
occur with simultaneous ("merged") substitution and elimi-
nation as described for loss of tosylate ilon from V.

The production of olefin III by dehydrochlorination of
¢is-chloride XII in gitu is unlikely in view of experiments
(see Chapter III) designed to duplicate such an elimination
under reaction conditions. In a like manner, it was shown
that the absence of trans-chloride XIII could not be explained
by such a dehydrochlorination. The latter experiment seemed
particularly advisable in order to exclude the possibility
of existence of XIII at any stage of the reaction, since its
absence is the baslis for the argument against a carbonium ion
intermediate. Even so, the existence of a solvated ion-pair,
such as IV (Chapter I), cannot be entirely discounted.

The production of cis-chloride XII in reaction A could
concelvably have occurred via the trans-phosphinate IX as
well as the trans-phosphinite VI. Harwood and Grisley27 pro-

posed such a conversion to account for an unexpected product

g c1
7@42::::770 - CLHCH,Cl —b 7LZ:::::;;
e
R XII

IX

XVII

which they had encountered in a Michaelis=Arbuzov rearrange=-

+ CgHgO 5)2

ment with B-bromoethyl acetate. Since a trace of IX was
thought to be present in all samples of VI, a control exper-

iment was performed to see if an authentic sample of the



28

+ BrCHQCHQOAc-~—)'C6H5iCH3 + CHjBr

OCH20H20A0

C6H5?CH
OCH

3
3

phosphinate IX would react with benzyl chloride. ©No trace
of the expected products, XII and benzyl diphenylphosphinate
(XVII), was found after 2 days at room temperature. Pub=-

1ished evidence >’

indicates that elevated temperatures

are required for this type of reaction. Intuitively, one
would not expect the phosphoryl group to be sufficiently
nucleophilic to effect such a conversion via the usual quasi-
phosphonium salt, but nucleophilicity is often dependent upon
reaction conditions and other reagents 1nvolved,23 If such
conditions could be conveniently attained, the utility of

the Michaelis-Arbuzov rearrangement might be improved mark=-
edly by the use of tetravalent phosphorus esters instead of
the easlly oxidized trivalent esters.

In summary, the reactions of conformationally homogen=-
eous trans-4-t-butyleyclohexyl diphenylphosphinite (VI) with
benzyl chloride, carbon tetrachloride, and methyl tosylate
each yielded gig=4~t-butylcyclohexyl compounds. It has been
proposed that, in each case, a quasiphosphonium salt is formed
and subsequently decomposes via an Sy2 mechanism, giving in-
verted products. Also identified were 4-t-butylcyclohexene
(III) and the expected phosphine oxide, except in the case

of the reaction of carbon tetrachloride with VI. Evidently
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the phosphine oxide produced in this latter reaction under-

went free-radical coupling.



CHAPTER III

EXPERIMENTATA T

Preparation of Cyclohexyl Diphenylphosphinite. A
solution of 25.0 g. (0.250 mole) of cyclohexanol and 25.2 g.

(0.250 mole) of triethylamine in 200 ml. of benzene was pre=-
pared in a 500-ml. three-necked flask fitted with a mechanical
stirrer, a condenser with drying tube, an immersion ther-

mometer, and a pressure-equalizing addition funnel with a

ATy melting polnts are corrected; all boiling points are
uncorrected.

b The infrared spectra were determined on Beckman IR-5 and
IR=5A spectrometers as films on sodium chloride cells or as
potassium bromide pellets.

¢ The nuclear magnetic resonance spectra were determined on

a Varian A-60 high resolution spectrometer with a field=-
sensing stabilizer ("Super-Stabilizer"). Tetramethylsilane
was used as an internal standard. Unless otherwise stated,
the solvent employed was carbon tetrachloride.

Gas chromatographic analyses were performed using an
Aerograph Hy-Fi Model A-550 with a hydrogen flame lonization
detector from Wilkens Instrument and Research, Inc., Walnut
Creek, California.

? Thin-layer chromatography was performed using 5=-cm. x 20-cm.
glass plates coated with a 250-u layer of activated silica
gel G obtained from Research Specialties Company, Richmond,
California. The plates were eluted with chloroform contain-
a trace of acetone and were developed in iodine vapors.

. The microanalyses were performed by Galbraith Laboratories,
Knoxville, Tennessee.

30
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nitrogen inlet. A solution of 55.1 g. (0.250 mole) of di-
phenylphosphinous chloride in 50 ml. of benzene was added
dropwise with stirring under dry nitrogenh. The reaction was
exothermic, the temperature of the solution rising to 45°
during the 40-minute addition period. The mixture was
stirred for 4 hours at room temperature, after which 1t was
heated at reflux for 2 hours and then cooled to 4°. Triethyl-
amine hydrochloride was removed by filtration under nitrogen.
Removal of the solvent gave an oll which was distilled, b.p.
160-2°/0.3 mm.; yield 56.5 g. (79.6%). The infrared (IR)
spectrum showed P-phenyl absorption at 1440 cm,-1. The
nuclear magnetic resonance (NMR) spectrum showed two broad
multiplets covering ranges in delta (&) values of 1.0-2.2
(cyclohexyl protons) and 7.2-8.3 (phenyl protons).

Anal. Calcd. for C,gH, O0P: C, 76.06; H, 7.39; P, 10.92

Pound: O, 75.89; H, 7.19; P, 11,04.

Preparation of trans-4-t-Butylcyclohexyl Diphenylphos-
phinite (VI). A solution of 39.0 g. (0.250 mole) of 4~t-
butyleyclohexanol® and 25.2 g. (0.250 mole) of triethylamine

in 200 ml. of benzene was prepared in an apparatus similar

to that described for the preparation of the cyclohexyl ester
in the previous experiment. A solution of 55.1 g. (0.250
mole) of diphenylphosphinous chloride in 100 ml. of anhydrous
benzene was added dropwise with stirring under dry nitrogen.

The flask was kept over an ice bath during the 30-minute

€ Columbia Organic Chemicals, Columbia, South Carolina,
m.p., 66=8°, containing approximately 65% trans-isomer.
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addition period to keep the contents below 550. The mixture
was allowed to stir overnight at room temperature and was
then heated at reflux (83»40) for 2 hours. The mixture was
filtered under nitrogen, supplied through an inverted funnel,
to remove the triethylamine hydrochloride, and the filltrate
was stripped of benzene under aspirator pressure. Distill=-
ation was accomplished using a short-path system without a
condenser since previous attempts had resulted in clogging
of narrow passageways in the system with condensed solid
material. A clear, viscoué liquid, 30.5 g. (35%), was
obtained, b.p. 174—840/0,1 mm. This material solidified
upon standing, m.p. 30-55°, A second and a third distill-
ation, b.p. 175-78°/0.1 mm., gave material of higher purity
with each successive distillation as evidenced by the reduc=-
tion and final disappearance of absorption at 52 c.p.s. in
the NﬁR spectrum of the mixture. This peak was assigned to
the t-butyl protons in gig=-4~t-butyleyclohexyl diphenylphos-
phinate, (X) based on the spectra obtained with mixed samples.
As shown in Plate VIII, there is a sharp singlet at 47 c.p.s.
(t-butyl protons) and a smaller singlet at 53.5 c.p.s.. The
smaller absorption was assigned to t-butyl protons in trans-
4=t=butylcyclohexanol (VII) based on results obtained with
mixed samples with gig~4-t-butylcyclohexanol (VIII) and with
the cis-trans mixture of the alcohols. The solvent employed
for these spectra was benzene, since carbon tetrachloride
reacts with the trivalent-phosphorus ester, The IR spectrum

(Plate I) further supports the structure assigned.
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Anal. Calcd. for 022H290P: 0, TT7.52; B, 8.59; P; 9.10
Pound: O, 78.26; H, 8.72; P, 8.90,
Preparation of cis-4-t=Butylcyclohexanol (VII). This

sample was prepared in a manner similar to Winstein's
method.>' A 7.5 g. portion of cis- and trans-4-t-butyleyclo-
hexanol was chromatographed through 250 g. of acid-washed
alumina in a 72-cm. X 3=-cm. column, using petroleum ether
(b.p. 30-60°) as the eluant. The first fraction melted at
49-500 and appeared to be 4-t-butylcyclohexanone, reported
Mm.P. 49-500. The second fractlon collected melted at 81=2°,
Only a small amount (0.4 g.) of pure cig~alcohol VII was
obtained from this fraction. The NMR spectrum of this
material supported the structure, displaying an absorption
at 8 4,10 with a half width of ca. 10 c.p.s.. Half-widths
of less than 12 c.p.s. are characteristic of equatorial
protons.28

Preparation of cis-4-t-Butylcyclohexyl Diphenylphos-
phinate (X). A solution of 0.16 g. (0.0010 mole) of cis-

alcohol VII and 0.10 g. (0.0010 mole) of triethylamine in

8 ml. of benzene was prepared in a 25-ml. four=-necked flask
fitted with a condenser and drying tube, an addition funnel,
an immersion thermometer, a nitrogen inlet, and a magnetic
stirring bar. A solution of 0.22 g. (0.0010 mole) of di=-
phenylphosphinous chloride in 4 ml. of benzene was added to
the contents of the flask. The addition was accomplished in
less than 1 minute with no more than 10° rise in temperature

and a small amount of precipitation of amine hydrochloride.
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The precipitate and solvent were removed in the usual manner,
but distillation was not attempted in view of the very small
quantity of crude material obtained. IR absorption (see
Plate III) of this material indicates the presence of the
functional groups =0H (3360 em.” ') and P— 0 (1195 om."'),
The NMR spectrum of a benzene solution of this material is
shown in Plate X. The largest peak at 55 c.p.s. was shown
by mixed standard samples to be due to gcis-alcohol VII. The
smaller peak at 52 c.p.s. was identified as arising from the
cis-phosphinate X. Mixed samples showed the presence of
both of these compounds in trace amounts in the reaction mix-

ture obtained in the preparation trangs~phosphinite VI.

Preparation of cis- and trans-4-t-Butylcyclohexyl
Chlorides, (XTT) and (XIII)., The procedure used here is a

4

modification of that described by Greene and co-workers.?
A solution of 60.5 g. (0.388 mole) of 4=t-butyleyclohexanol
and 71.6 g. (0.388 mole) of tri-p-butylamine in 750 ml. of
anhydrous ether was prepared in a 2-1, three-necked flask
fitted with a mechanical stirrer, a condenser with drying
tube, an immersion thermometer, and a pressure-equalizing
addition funnel. A solution of 76 ml. (46.1 g., 0.388 mole)
of thionyl chloride in 150 ml. of anhydrous ether was added
dropwise with stirring during 1 hour to the contents of the
flask. Shortly after the addition was started, it became
necessary to utilize an ice bath in order to maintain the
contents of the flask below 40°. The mixture was stirred

at room temperature overnight and then poured over ice=-water.
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The ether layer was separated and washed with 250 ml., 0£ lQ%
sodium bicarbonatevsolution} then with three 250-ml. portions
of distilled water, }The ether solution was then dried (MgSO4L
stripped of ether at aspirator pressure, and vacuum distilled.
One simple distillation gave material boiling at 53~8°/o,4-mm.
Three spots were observed on the TLC, at Ry values qfko.32,
0.47, and 0.78. A 4.3 g. (ca. 0.025 mole) sample of this
materlal was treated with 4.0 g. (0,7 mole) of potassium
hydroxide in 20 ml. of 95% ethanol under gentle reflux for 1
day. To this mixture was then added 100 ml. of distilled
water, and the resulting liquid was extracted twice with 100~
ml, portions of petroleum ether, The ether layer was dried
(Mgso4), and thevsolvent was removed under aspirator pressure.
The resulting liquid showed only two TLC spots, at Re 0.47
and 0.77. A forerun from the vacuum‘distillation of the
original mixture, which had boiled at 32-40°/0.6 mm., was
found to contaln only the material of Rp 0.77, ldentified as
4~t-butylcyelohexene (III) by its NMR. ¢pectrum, which showed
a vinyl protdn absorption at 8 5.58, The three-component
sample (Plate XI) showed é multiplet centered at & 4.30
(equatorial tertiary proton). After treatment of the mixture
with ethanelic potassium hydroxlide, this peak had disappeared
(Plate XII), and the vinyl protons were clearly visible along
with a very broad multiplet centered at & 3.67 (axial ter-»
tiary protons in the ;_g_a_gg_nchloride)° The IR spectra of
thesge samples (Platés IV and V, respectively) lend additional

support to these data. Thus Re values were assigned as



36

follows: 0.32, gig-chloride XII; 0.47, trang-chloride XIII;
and 0.77, olefin III.
Reaction of Cyclohexyl Diphenylphosphinite with

Chloride. A solution of 5.78 g. (0.0200 mole) of cyclohexyl
diphenylphosphinite in 10.12 g. (0.0800 mole) of benzyl
chloride was heated for 24 hours under nitrogen over boiling
o-dichlorobenzene (180°) in a 1.5-cm. X 7.5-cm. tube fitted
with a nitrogen inlet, a condenser, and a drying tube. The
sample was allowed to stand at room temperature avernight,
and the white so0lid which had formed was then removed by fil=-
tration. Washing this solid material with benzene separated
two components. The benzene-soluble material, yileld 2.2 g.
(38%), was identified as benzyldiphenylphosphine oxide by
1ts melting point (192-3° from benzene), IR, and NMR data.
The benzene=insoluble material, m.p. 267-80, was tentatively
labeled as (cyclohexyloxy)benzyldiphenylphosphonium chloride.
The IR spectrum showed peaks at 1439, 1158, 1114, 868, 797,
751, and 698 em.” 1,

From the mother liquors, benzyl chloride and chloro=-
cyclohexane were ldentified by gas=-liquid chromatography
(GLC) using a 6=ft. x 1/8-=in., column packed with 5% Silicone
30 on acid-washed Chromosorb G. Retention times at 110° were:

chlorocyclohexane, 1.5 minutes; benzyl chloride, 3.5 minutes.

Reaction of trang-4-t-Butyleyclohexyl Diphenylphos-
phinite (VI) with Benzyl Chloride. ZEssentially the same

procedure was utilized here as in the previous experiment.

Thus from a mixture of 5.1 g. (0.015 mole) of trans-phosphinite
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VI and 1.9 g. (0.015 mole) of benzyl chloride was obtained
4,3 g, (984) of benzyldiphenylphosphine oxide. A benzene-
insoluble material, m.p. 268-70° from water, was isolated
in very small quantity. This material was slightly soluble
in cold water, giving a solution which reacted with aqueous
silver nitrate to give a white precipitate which darkened
upon exposure to light. From these properties and from the
IR spectrum (Plate VI), the material was assigned the struc=
ture of (trans~4-t-butylcyclohexyloxy)benzyldiphenylphos=
phonium chloride (XIV), although a good elemental analysis
was difficult to achieve.

Anal. Calcd. for 029H36010P: C, T4.58; H, T.7T;

Cl, 7.59; P, 6.63.
Found: C, T73.91; H, 6.16;
01, 8.43; P, T.45.

The mother liquors were examined by TLC for the presence
of cis-chloride XII, trans=-chloride XIII, and olefin III. Of
the three, only the olefin III was ildentified.

When this reaction was performed at room temperature,
however, the cig-chloride XII was also found along with the
olefin III in the mother liquors. When the trans-phosphinite
VI was dissolved in a minimum of acetonitrile before addition
of benzyl chloride, the same results were obtained except
that the TLC spot for gis-chloride XII was greatly magnified,
indicating a much better yield of this compound. Both reac-
tions were carried out in a 150-mm. x 18-mm. tube fitted with

a nitrogen inlet and a magnetic stirring bar, using 3.0 g.
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(0.0088 mole) of the trans-phosphinite VI and 1.3 g. (0,010
mole) of benzyl chloride. In nc instance was trans-chloride
XIII detected, but further examination revealed the presence

of unchanged trans-alcohol VIII.

Thermal Decomposition of (trans-4-t-Butylcyclohexyloxy)

benzyldiphenylphosphonium Chloride (XIV). A 150-mm. X 18-mm.
tube was charged with 0.3 g. (0.64 mmole) of the quasiphos-

phonium chloridé XIV and was heated over an oil bath at 1509.
for 6 hours. A slight charring was observed, but TLC anal-
fsis of a petroleum ether extract of the méterial revealed
no products, The tube was then heated for 1 minute over a
sand bath at 290°, TIC examination of a methyleme chloride
extract revealed olefin III and a trace of gig-chloride XII.

Attempted Dehydrochlorination of cis- and trans-4-t-

Butyloyclohexyl Chlorides (XII) and (XITI). Five 75~mm. X

e e A s .

10-mm. tubes were charged with two drops each of cis-chloride
XII° To one of the tubes was added a crystal of the phos~
phonium salt XIV; to another tube was added benzyldiphenyl=-
phosphine oxide, to a third tube was added phosphinite VI,
and to a fourth tube was added phosphinate IX. The £ifth
tube served as a fixed standard. Eagh tube was immersed in
an 0il bath at 175° for 5 minutes. TLC analysis of each
heated sample still showed the presence of cis~chloride XII.
Repeating the procedure With trans-chloride XIII at room

temperature gave comparable results.
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Attempted Rearrangement of trans-4-t-Butylcyclohexyl

Diphenylphogphinate [;X) with Benzyl Chloride. A mixture
of 3.56 g. (0.0100 mole) of the trans-phosphinate IX and

1.27 g. (0.0100 mole) of benzyl chloride was stirred at
room temperature for 2 days in a 10=-ml. flask. The only
product detected by TLC was starting material. The absence
of cis-chloride XII and benzyl diphenylphosphinate XVII

was verified by this same method.

Reaction of trans-4-t-Butyleyclohexyl Diphenylphos-
phinite QVI! with Carbon Tetrachloride. Into a 1l0=-ml.

one-necked flask fitted with a nitrogen inlet and a mag=
netic stirring bar was placed 3.9 ml. (6.2 g., 0.040 mole)
of carbon tetrachloride. A sample of trans-phosphinite VI
(2.5 g., 0.0074 mole) was added and the mixture was stirred
under nitrogen. Soon after the solid material had dissolved,
an exothermic reaction began, and white solid material began
to collect on the sides of the flask. After 0.5 hr., the
solld material was recovered by filtration and recrystal-
iized, first from methylene chloride-petroleum ether and
then from methanol, giving 0.15 g. of crystals melting at
197-80. The IR spectrum (Plate VII) and elemental analysis
support the structure XI proposed.
Anal. Caled. for 026H2001402P2: C, 54.96; H, 3.55;
Ccl, 24.96; P,10.90.
Found: C, 54.45; H, 3.86;
Cl, 24.66; P,10.64.
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‘The gis-chloride XII and olefin III were detected via
TLC in the mother liguors. When the reaction was carried
out in an NMR tube, the characteristic multiplets for these
two components were observed at & 4.48 and & 5.78, respec~.
tively., However, no signal was observed near 6 3.7 for the

C=1 axial proton in the trans-chloride XIII.

Preparation of Cyclohexyl p=Toluenesulfonate. This
ester was prepared by a modification of Tipson's methodfﬁ
A mixture of 21.0 g. (0,110 mole) of tosyl chlofide and
10.0 g. (0.100 mole) of cyclohexanol in 100 ml. (98.3 g.,
1.24 moie) of pyridine was swirled in a 500-ml. flask until
the solid chloride had dissolved. The mixture was allowed
to stand overnight, and then 100 ml. of chloroform was used
to wash the material into a separatory funnel. The solution
was washed successively with 100 ml. of water, with 250 ml.
of 8 N sﬁlfuric acid, with 100 ml. of 10% sodium bicarbonate
solution, and finally with another 100 ml. of water. The
organic layer was dried (MgSO4),‘and the solvent was removed.
After 3 days, the liquld solidified to yield crystals (15.7 g.,
61.8%) melting at 41-5° (reported m.p. 44,5~5,O°).8 The IR
spectrum of thils material showed absorption for sulfonlc
ester (1362 and 1180 cm.” '), the S-0-C linkage (939 cm. '),
and p-disubstituted benzene (816 om.'-"‘ﬂ)° The NMR spectrum
showed a broad multiplet for cycldhexyl protons at &6 1.5, a
sharp singlet for methyl protons at & 2.42, a broad multi=-
“plet for the tertiary ring proton at & 4,5,‘énd an A232

quartet for the aryl protons at & 7.55 (J,, = 8 CeDoSo,
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v0(= VA-vB)z 26 c.p.8.). Relative intensities of these
peaks were 11:3:1:4, respectively.

Preparation of trang-4-t-Butylcyclohexyl p-Toluene-
sulfonate (II). This compound was prepared by essentially

the same procedure as described for the corresponding cyclo=-
hexyl ester. A mixture of 15.6 g. (0.100 mole) of 4=t=-
butylcyclohexanol and 21.0 g. (0.110 mole) of tosyl chloride
in 100 ml. of pyridine yielded 22.9 g. (76.3%) of crude
material. Recrystallization from petroleum ether containing
a trace of ethyl acetate gave white crystals, m.p. 87-90
(m.p. pure trans-isomer II, 89.4-900).51 The IR spectrum
showed absorption for sulfonic ester (1348 and 1180 om.'1),
the S-O;C linkage (952 cm.-1), and grdisubstituted benzene
(820 cm.”'). The NMR spectrum (Plate XIII) confirms the
structure.

Preparation of cis-4-t-Butylcyclohexyl p=-Toluenesul=-

fonate (I). This compound was prepared by a procedure sim-

ilar to that described for the corresponding cyclohexyl
ester. Thus from 0.20 g. (1.3 mmole) of gis-alcohol VII
and 0.% g. (1.9 mmole) of tosyl chloride in 2 ml. of pyri-
dine was isolated a white solid which was recrystallized
from a mixture of petroleum ether and ethyl acetate to

give crystals melting at 79-80° (reported m.p. 79-800).51
The IR spectrum showed peaks for sulfonic ester (1348 and
1171 cm.” '), the S-0-C linkage (914 cm.”'), and p-disub-

stituted benzene (815 cm.”!).
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Reaction of Cyclohexyl Dip@anzlghosphinite with Methyl

p=Toluenesulfonate. A 1.5 cm. X 7.5 cm. tube was fitted
with a condenser, a drying tube, and a nitrogen inlet. The
tube was charged with 2.9 g. (0.010 mole) of cyclohexyl di=-
phenylphosphinite and 1.9 g. (0.010 mole) of methyl tosylate.
The mixture was heated under nitrogen over boiling xylene
(1350) for 72 hours. The product was allowed to cool and
dissolved in methylene chloride. TIC examination showed the
major products to be cyclohexyl tosylate (R = 0.50) and
methyldiphenylphosphine oxide (Rp = 0.10).

Reaction of trans-4-t-Butylcyclohexyl Diphenylphos-
phinite (VI) with Methyl p-Toluenesulfonate. In a similar

apparatus to that used in the previous experiment, a mixture
of 3.4 g. (0.010 mole) of trans~-phosphinite VI and 1.9 g.
(0.010 mole) of methyl tosylate was heated under nitrogen
over boiling xylene for 17 hours. At the end of this time
the mixture had separated into two layers. As the mixture
cooled, the bottom layer became semi-solid. The top layer
was removed and was found to consist chiefly of olefin III
from its IR spectrum. The bottom layer was examined by TLC,
which showed the presence of methyldiphenylphosphine oxide
and the absence of the trang-sulfonate II. Identification
of the cig=-sulfonate I by this method was inconclusive
because of interference by an excess of methyl tosylate.
However, GLC was used successfully in this ildentification.

A 6-ft. x 1/8=in. column packed with 5% Silicone 30 on 80/

100 mesh, acid-washed, DMCS~-treated Chromosorb G was utilized.



Retention times at 1450 were:

methyl tosylate, 12 minutes,

cis-sulfonate I, 2 minutes;
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CHAPTER I

HISTORICAL

Esters of a~Keto Phosphonic Acids

In the early stages of the development of the Michaellis=-

30
Arbuzov rearrangement, it was shown®?

that chloroformic
esters, as well as other halogen=-bearing carbonyl compounds,
would react with trialkyl phosphites in a manner analogous

0
| . g .
(R0)3P: + C1COR —» (Ro)2 — COR" + RC1l

to that of alkyl halides. Following these initial investi=-
gations of compounds with ad)acent carbonyl and phorphoryl
functions, no further published material appeared on the
subject during the period 1927-45.

Kabachnik and Rossfiskaya reopened this area of inves=-
tigation in 1945 with a series of publicationsag—3' concern=-
ing the reactions of a series of carboxylic acid chlorides

0 0
Il

I ’ i
RCC1 + :P(OR'); — RC—%(OR )p + R'C1

I
4,5,8
with phosphites. Shortly afterwards, Arbuzov resumed
his studies of this system, extending the reaction to bromides

and cyclic phosphites. In these early studies the resulting

66
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phosphonates I were characterized by chemical means, including
identification of hydrolysis products, reduction to a=hydroxy
phosphonic esters, evaluation of saponification equivalents,
and preparation of various carbonyl derivatives such as phenyl=-
hydrazones and cyanohydrins.

Ackerman and co-workers1 provided additional support for
the structure I in the form of instrumental data. A serles
of fatty acids with an even number of carbon atoms (C, to 018)
and oleic acid were converted to their acid chlorides which
reacted with triethyl phosphite in the usual manner. It was
proposed that the only structure possible, other than I, was
that of a mixed anhydride, which was feasible in view of the

0
1l
RG-OP(OR')z

ease of hydrolysis of these compounds. The structure I was
favored, however, from molar refraction studies, the presence
of polarographic waves and UV absorption, and finally the

presence of a phosphoryl (P — 0) absorption in the IR spec~-

1 1

trum at 1258 cm. ', along with another absorption at 1698 cm.
for carbonyl (C=0) conjugated with a phosphoryl group.

Acyl diphosphonates have been prepared from several
dlacid chlorides, including phoagene32 and a series of acid

41
chlorides derived from long=-chain aliphatic dibasic acids.

0 0 g 0 0 %
1] | Il |
OlO(CHQ)ndCl 3 2(R0)3P: — (R0)2 -G(CHe)nC- (03)2 + 2RC1
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Although the reaction appears to be a straightforward exten=-
glon of the work with monobasic acid chlorides, some contra=-
dictory evidence has been found in which other types of
products were isolated.kk

Other interesting variations of this rearrangement in-
clude the use of a~halo acid halides,32 carbamoyl chloridea,‘+g
and acid anhydrides.

In thelr stereochemical study of the Michaelis=Arbuzov
rearrangement, Gerrard and Green (see Part I, Chapter I)
obtained inverted 2-chlorooctane from the reaction of acetyl
chloride with optically active tri-2-octyl phosphite. This
was in accord with the results obtained with alkyl halides,
and 1t was suggested that the two reactions may proceed by
a similar pathway.

Recently a series of aroylphosphonates has been synthe=-
slzed by Berlin and co-workera.‘s This work was followed by
a similar study of aoylphoaphonatea,lk including a seriles of
cycloalkanecarbonylphosphonates. In both investigations, the
compounds were well characterlzed by NMR, and it was suggested
that an evaluation of P=H coupling constants would be in=-
structive, particularly 1f proton=-proton spin decoupling
could be utilized.

A more detalled description of the chemistry of a-keto
phosphonic esters 1is available. °° This work includes further
examples of preparatlions of these compounds as well as some

of the reactions that they will undergo.
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Phosphorus=Proton Spin-Spin Coupling Constants

Although there is little recorded discussion of directly-
bonded P=-H coupling constants, a few general statements can
be made about them. It has been suggested that these con=
stants are large and poaitive,36 as predicted for B-H, N-H,

and 130-1{ constants on the basls of theoretical calcula-

34,-'1'2

tions. In these studles 1t was also proposed that the
magnitude of these coupling constants was proportional to the
8 character of the bonds between the two atoms. This corre=-
lation has now been extended to P-H coupling constants,z6
and it was further suggested that P=C-H coupling constants
followed a similar trend except that the s =character of the
P=C bond contributed to a more negative coupling constant
whereas the reverse was trué for the C~H bond. Owing to a
lack of sufficlent bond angle data for such systems, no sig-
nificant correlations have yet been made between P=C=~H coup=
ling and the PCH angle.

A varlety of data is available for P=C-C=H coupling,
although fewer compounds have been found to display such
splitting than those which show geminal (P=C=-H) coupling.

A large portlon of the available data on Jp_5_g.y 18 summar-
ized in Table I. Discussion and interpretation of this data

1s postponed until the Discussion section.
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P~C=-C~H COUPLING CONSTANTS

70

Compound Ipageg-glC-Pe8.) References
(CH3CH,) 5P | 13.7 26,28,43
CH5CH,PCL, 15.5 26,35
(CH5CH,) 5PO 16.3 26,28
(CH5CH,) 3PS 18.1 26,28
(GH30H2)4P",IC) 18.3 26,28
0H5CH,P(0gH ) 5O ,5rO 20.0 26,28
CHLCH,P(0) (CgHg) (C1) 22,1 26,56
(CH3CH, ) 3PBr ®, 3r© 23,0 26,28
CH5CH,P(0)01, 30.0 26,38,56
CHBCHZP(S)CIE 31,4 26,38
(CH) 50HP(0) (CgHy) (0C,H) 17.1 56

(CH) ,CHP(0) (OgHy) (0CH) 17.3 56

(CH) 5,CHP(0) (CgHg ) (OH) 17.6 56

(CHz) ,CHP(0) (OH) , 18.4 26
(CHB)ECHP C6H () Br 18.7 26,28

(C B)QCHP(O)(C6H5)CI 20.6 26,56
(OH3 oCHP(0)01, 27.6 26,56
(C6H5)(OH3)OHP(0)(C6H5)(0H) 16.8 56
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TABLE I (Continugd)

Compound JP*C-G—H(°°P'S') References
(c6H5)(QHB)CHP(O)(G6H5)(OCH3) 17.1 56;
(02H5)(OH )CHP(O)(C6H5)01 2070 56
(CH3)5CP(0) (CyxHg ) (OH) 15.7 25
[(cr,)50] ,2(0)01 17 3,26
(CHB)BCP(C6H5)3<>,Br- 17.2 26,52
(CH4)5C0P(0) (CgHg) (C1) 17.7 | 26,56
(CH) 5CP(0)C1, 24,8 56
CH3z
; P§002H5)2 11.1 59

——T><%(OC 14.6 26,59

%

002H5 5 . 14.4 26,59

H3

Q
o

, CH3 13.5 22,26
¥ Ci3
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TABLE I (Continued)

Compound JP_C_”C_”H(coposo) References
A 33.0 62
H, \002H5
(CH3)20=0H0H2P(0)(0R)2 7.7 26
CH, — :
l :O ' 24,9 26
T CgHg
TV
’ < 27.2 26, 45
g Ciis
H —
\ CH,
‘ \@ 28.0 26,45
H - CHOpHg
CH,
3 l P/egHB
T 30.0 26
gL/ NCH,CgH
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TABLE I (Continued)

Compound IpegegglC-Pes.)  References
H_.__,
| ~ 32,25 26,62
H___/P\OCH3 ) ’
B
l :p 33.25 62
g 1/ NOCH,CH,01
CH, 4
NP
£ 35.50 - 26,62
g - 002H5
Cl -~
,O
Y :
H A OCHECHECI
Cl —
\ A° :
' Y 42.3 26,62
g/ el
(CHEZCH)BP 13.62 (cis) -~ 2,26

30.21 (trans)

CH,=C(C1)P(0) (0C,H:) 13.6 (cis) 26
2 275’2 5.9 (trans)



TABLE I (continued)

T4

Compound

JPQC_C_H(copos,) References
C1CH=CHP(0) (0C,Hs) 13.6 (cis) 26
40.3 (trans)
p=N0,CgH, CH=CHP(0) (0C,Hz ), 22,3 (cis) 26
D-CH30CgH, CH=CHP(0) (0C5H) 22,6 (cis) 26
p-C10gH, CH=CHP(0) (0C,Hg) 22,7 (cis) 26
C H-CH=CHP(0) (0C ,Hy) 19.5 (cis) 26
675 2’5’2 40,3 (trans)
\ 0
p” 39.7 26
g-l—( “CHs
CHy
0 47.70 26,62
H_;:j;\C6H5 ° ’
\ L0
4 47.75 62
g l=( “00,H;
CHy,
\ 40
48.0 62




TABLE I (Continued)
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Compound

JP-C-C—H(O’p’S')

References

\_40
g l—/ \OCH3

\ 0
HA;:yﬁkochS

HC=CP(0) EDCH(CH3)2] 2

HCECP(O)(C6H5)2

) oo PHa00C
5 21“ N

COC H
65

5
(C6H

‘C6H50(053)(OH0)P(0)(002H5)
C6HSC(CH3)(O§O)P(O)(002H

CH5CH(COOH)P(0) (CxHg )5

C6H5

(O6H5)2P(O)O=COOH206H5

CHy0006H,

48.0

48.8

11

21

16.1

16.0

16

62

62

26,50

17,26

26,46 ,47

26

26

26,53

46
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TABLE I (Continued)

Compound I puQeC=H References
OHBCOP(O)(OCQHB)2 5.0 14,26
CH500P(0) [0CH(CH;) ] 5.8 26,50

In Table II, a 1list of P=-0-C-H coupling constants for
selected compounds 1is presented. Although such a list is
useful empirically, there is no theoretical explanation yet
avallable that successfully accounts for the effect of var=-
lous substituents on this type of coupling. A few limited
generalities are evident from these data, however. Electron-
donating groups attached to the carbon atom produce a decrease
in Jp_g.g.g @lthough the expected opposite effect for elec-
tron-withdrawing groups is not observed.21 The presence of
P-H26 or P-s58 bonds increases the coupling constant signif-
icantly in all cases observed, but no other substituents
attached to the phosphorus atom affect Jp.g-g-g COnslistently.
An interesting exception to this 1is found in the bicyeclic
and tricyclic esters studied by Verkade and co-workers,61
in which the P-0-C-H coupling increased markedly with elec-
tronegativity of the attached ligand for each of the adducts
studied. The rigidity of these polycyclic systems probably
accounts for their unusual behavior compared to acyclic

esters,

No correlation of P-S-C-H coupling constants has been



TABLE II

P=0-C-H COUPLING CONSTANTS

T

Compound JP«OwaH(C°p°S°) References
(CH50) 5P 11.8 26,27
10.8 58
(CH30) 5PBH; 11.00 26,61
(CH50) 5P (CH3)5 9.60 26,61
(CH0) 5P 10.65 26,61
10.19 10,26,55
11.4 26,27
(CH50),P(0)H 13 26,65
(CH30) ,P(0)CHy 11.0 26,37
(CH50),P(5)CHy 13.5 26,37
(CH50) ,P(0)COC4Hs 11 15,26,60
(CH40),P(0)C0-p~CsH,0CH3 11 15,60
(CH30) ,P(0)C0O-p=C4H, 01 11 15,60
- (CH30),P(0)C0-0~C(H, 01 11 15,60
(cH 0) P(O)CO- =C6H4C(CH3)3 11 15,60
* (CH50) ,P(0)CgHg 11 26,51
(CH30) ,P(0)0C4CLg 12,0 58
(CH30),P(0)504C1; 13,2 58
(CH30) ;P(S)0C4CLe 14.3 58
(CH50) ,P(8)SC4C1; 15.6 58
CH30P(0)H, 13 24,26
CH30P(C) (C4H ), 11.0 12,26



TABLE II (Continued)
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Compound I pegmC-f References
@j:)fo 12.0 16
, OOH3
CH O N
3]:::Ii\§§1 11.5 16
CHB O/ OCH3
(0E,0),2® 11.2 18
(CHBO)BP 12 19,26
CHB———O
(CHBOHEO)BP 7.90 11,26
8.0 58
CH3CH20P(O6H5)2 9.8 26
. C) - -
(CH3GH20)3POH2OH3 s BF,, 745 61
® -
(OH30H2O)3PO(O6H5)3 s BF,, 6.70 26,61
(CH OH20)3PO 6.84 26,61
8.38 10,26,55
(CH3OH20)3PS 10.18 55



TABLE II (Continued)
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9.9

Compound I paQ-0-H References
(GH50H,0),P(0)E 9.3 26
(CH0H,0) ,P(0)CHy 8.4 26,37
(dH30H20)2P(s)CH3 10.2 26, 37
| 10.3,10.7 26,54
(CH5CHp0) 4P (0)C1 9.5 26
- (CH;0H,0),P(5)01 11.0 26
(CH5CH,0) ,P(0)0CH; 8.7 57
(cH30H20)2P(05006015 8.0 58
(CH5CH,0) ,P(0)SC,01 8.8 58
(OHCH,0) ,P(5) 004015 9.5 58
(CH5CH,0) ,P(S)8C401, 9.8 58
(CH50H,0) ,PC4H- 8.3 57
(CHBCHQQ)Qf(O)CsHB 8.2 57
(chlgoﬁzo)BPo 8.4 21
(CC150H,0) 570 7.05 21,26
(0P50H,0) ;20 8. 34 21,26
01, (0H, ) ,0] 520 7.70 | 10,26,55
"'@H3(0H2)20:]2:9(O)GH3 7.7 26,37
on (GH2)2é}é?(S)CH3_ 26,37



TABLE II (Continued)
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Compound I PeQmCmg References
(B3 (0Hp) 50| 5P 7.47 55
|05 (cHy) 50] 520 7.65 10,55
|05 (08,) 50] ,2(0) 05 7.1 37
@H (CH,) : ,P(S)CH, 9.4 37
SH3(0H2)4§:3P0 7.62 10,55
§H3(0H2)56-P0 7.32 55
ZCH3)20H032§]3P0 6.60 10,55
ECH3)300H2§]3P 6.1 26
ECHB)BCCHgé]BPO 4.8 20,26
EGHB)BCCH2§]4P<>,OTSC> 4,8 20
(CH,=CHCH,0) 520 8.3 21,26
(CgHSCH,0) 5RO 9.07 21,26
(CGHSCHZ0) P05 8.62 21
(CGHCHL0) oP(0)0CH 5 8.68 21
|(0H5) 50m0] 5 8.5 57
ZCH3)20H6_320 | 7.4 57
(CH3 2CHo oP(0)CgH, 7.8 57
50H30H2)20H§]3Po 7.7 57
ECHBCHQ)QCHQ]QP(O)C6H5 7.5 57
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References

Qompound JPmOhC-H
l/o
§3) CHy (CgHg03P) 1.8 61
0
05H903PB(CH3)3 2.2 61
OgHg 05 PBH 5 4,2 61
. ® '
05H903PCH20H3C),BF4 5.2 61
® 5p.O ,
C5Hg052C (CgHg ) 5, BE,, 5.8 61
C5Hg05PO 7.0 61
P
//\
0
06H903PB(CH3)3. 6.7 61
CgHg0 5 PBH 12.5 61
C6H903PCH20H3C>,BF4<) 15.7 61
c6H903Pc(c635)§3,BF4<3 18.0 61

973
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attempted, owing to the lack of sufficlent data. Lilkewilse,
JP-N-O-H values are seldom reported, and most of those which
are avallable lie within a very narrow range (10 g Ls:% c.p.s.).26
The only noteworthy exceptions are for compounds with P=Cl
linkages for whioh many coupling constants of this type are
significantly larger l:e.g. (CHs) ,NP(0)C1,, for which Jp y o =
15.873i], but no explanation has been offered for this anom-
olous behavior.

Other P=-H coupling constants recorded include those in
which the phosphorus and hydrogen atoms are separated by more
than three bonds. For ethyl esters of phosphorus aclds,
Jpupug-g-y V2lues are generally small (1.1 c.p.s. or less),
as are many of these "long range" coupling constants. In
allylic and homoallylic systems, the values are usually
larger, particularly if the phosphorus atom is bonded to an
sp3 hybridized carbon atom. Further discussions of these
phenomena and other aspects of proton NMR spectra in phos=-

phorus chemistry are available.?®



CHAPTER II

DISCUSSICN OF RESULTS AND CONCLUSIONS

A series of acylphosphonic esters I was prepared by

30
a procedure sgimilar to that of Kabachnik, except that

the order of addition was reversed, the acid chloride being

added to the phosphite. The yields (see Table III) were

fairly high,

Ia

indicating that the preéence of exéess phos~-

00

N 4
RG=P(03’)2

b 4 —
5+ R'=CH,CH,

. I
R~CHBCH2, R :CH30H2

R=CH

R=(CH,),CH, R'=CH

30H,
7 ;

» 3)30, R .»»CHBCH2

B=cyelopropyl, R’:CH

3)2
R=(CH

3CH2

3CH2
R:cyclopentylp R'=CH,CH

R=cyclobutyl, R'=CH

3772

R=cyclohexyl, R”:GH3

R=cyclohexyl, R':CH30H2

R=cyclohexyl, R'=(CH CH

3)
R=cycloheptyl, R’:CH3CH2
R=trang-2-phenyleyclopropyl, R':CH30H2

R=trans-2-phenylcyclopropyl, R':CH3

83



TABLE ITT

PREPARATION AND PROPERTIES OF DIAIKYI ACYLPHOSPHONATES

RC(0)P(0)(OR ")z

Analysls - (per Tent)

: Moles of Yield  B.p. °C Caleulated Found
Compound R R’ Reactants (per cent) (mm ) [o} H P o} B P Reference
Ia CHy Colg 0.0903 73.6 181-6(3-4) 30,40,14
Ib Coly Colg 0.216 85.7 105(7) 9,14
Ie (CHy) ,CH C,t 0.235 85.5  99-100(4) 40,14
14 (CHy) 50 CoHg 0.0307 65 97-100(5) 14
Ie Cyclepropyl C2H5 0.100 69 119-20(5) 46.60 7.33 15.02 4647 7.28 15.08 14
if Cyclobutyl Cols 0.0843 64.5 120=4(5-6) 49.09 7.78 14.07 48.85 7.86 14.07 14
Ig Cyclopentyl C235 0.189 81.5 121-6(3-4) 51.28 8.18 1322 51.43%  8.30 13.33 14
Ih Cyclohexyl CHy 0.10 82 98-9(0.5) 49.09 7.72 14.09 49,47  7.59 13.77 14
11 Cyclohexyl CoHy 0.050 88 89-90(0.2) 53.22 8.46 12.50 53.45 8.71 12.18 14
I3 Cyclohexyl (CHz) ,CH 0.050 83 100-2(0.4) 56.52 9.06 11.23 56.58 9.2l 10.95 14
Ik Cycloheptyl CoHg 0.0435 61.4 127-31(0.8) 54.95 8.84 11.81 54.78  8.91 11.69 14
11 trang-2-
g?iggt;opyl Cols 0.100 65.3 153-6(0.5) 59.57 6.79 10.97 60.13  7.02 10.69
Im trang-2- »
E?§§zé;ony1 CH, 0.033 61 180-2(1.2)
Tn C gHg CH=C oH, 0.100 28.8  90%(3) 55.00  5.46  12.90 48.54  5.76 12,34
Io CHy CH=CH CH4 0.100 23 78-82(0.075)

8
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In R=CgH-CH=CH, R'=CH

5
CH=CH, R =CH

3

o R=CH

3 3

phite during most of the reaction did not lead to the exces-
sive formation of by-products, probably because of the high
reactivity of the acyl halides compared to that of the alkyl
halide products.

The reactions were highly exothermic but could be con-
trolled by adjusting the rate of addition of halide. The
resulting products were nearly colorless except for the
cinnamoyl and crotonyl derivatives, In and Io, which were
greenisheyellow. The 2,4-~dinitrophenylhydrazone (DNP)
derivatives were light yelliow, again with exception of those
of In and Io which were orange. Diethyl trans-2-phenylcyclo=-
propanecarbonylphosphonate Ie yielded an orange DNP which
melted over a wide range. Slow recrystallization from methe-
anol produced two types of crystals (see Table IV) which were
large enough to be separated with a forceps. One type was
in the form of yelloﬁ needles, similar to those of the other
DNP's, but the other was isclated as large, reddish-orange,
monoclinic crystalyg. Differences in color, melting point,
and IR absorptions emphasized the fact that two different
compounds were being dealt with, but the closeness of the
two elemental analyses seemed to indicate the same molecular
formula for both compounds. One might speoulate on the
occurrence of syn-antl lsomers, isolable azo=hydrazone tay-

tomers, dimerization, and other possibilities, but further
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TABLE IV
PROPERTIES OF 2,%4-DINITROPHENYLHYDRAZONES
RC[§N06H3(N02)2!P(0)(0RI)2

Analysls (per cent)

Parent / o
Compound R R M.p. C Calculated Found
N P N P

Ia CH3 02H5 130-2
Ib 02H5 02H5 93-4 14,97 8.28 15.37 8.10
Ic (CHB)QCH CQH5 126-7
Td (CH5) 5C CoHg 140-1 13.89 7.68 13.44 7.41
Ie Cyclopropyl CQH5 114-5 14,50 8.02 14.33 7.95
1f Oyclobutyl — CoH 136-6.5  14.00 7.74 14.20 7.82
Ig Cyclopentyl 02H5 123-5 13,52 T7.48 13.32 7.26
Ih Cyclohexyl — CHy 125-6 13.94 7,75 14.00 7.75
Ii Cyclohexyl 02H5 113,5-5.0 13.07 T7.22 13.08 7.24
1j Cyclohexyl (CHB)EOH 84=6 12.43 6.83 12,28 6,80
Ik Cycloheptyl 02H5 147-8 12.67 7.00 12.63 6,91
1 trang-2- Colg 137-82 12.12 6.70 12.10 6.74

Phenylcyclo- b

propyl 116-7 12.42 6.75
Im trang=-2- CH 180-2

Phenylcyclo~- ‘

propyl
In Clnnamoyl CH3 219-20
To Crotonyl CH3 124~5

a Long, yellow needles similar to other derivatives.

b Reddish~orange monoclinlc crystals.
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investigation is obviously required in order to favor any of
these suppositions.

It was anticipated that an NMR analysis of dimethyl
phenylacetylphosphonate (II) would be instructive in the
evaluation of 31P-IH coupling constants in systems with
intervening carbonyl groups. However, the spectral prop-
erties of the solid material isolated from the triethyl phos-
phite-phenylacetyl chloride reaction mixture are inconsistent

with structure II. A tautomeric structure III is indicated

0 OH
I |
06H5CH2(}| — P(002H5)2 =" 06H5CH=C — P(002H5)2

II .

instead (see Chapter III), although the formation of a DNP
seems to indicate the presence of II, at least to a limited
extent. The stability of the enolic structure III would
probably be enhanced both by hydrogen bonding of the hydroxy
and phosphoryl groups and extension of conjugation, the latter
factor being absent in similar tautomers of the structures I
where such tautomerism is possible. This extended conju-
gation might be expected to produce a colored compound.
Although the original compound is white, the unusual greenish
tinge of the DNP suggests that a similar type of tautomerism
is operative here.

If the foregoing assumptions are correct, the residual
liquid from the filtration of III, and perhaps the entire

products in the attempted synthesis of the corresponding
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ethyl ester, might consist of the phenylacetic ester of the
enolic compound as well as the suggested condensation pro=-
ducts (see Chapter III).

A straightforward synthesis of a<hydroxyphosphonates 1is
11lustrated in the preparation of diethyl @-hydroxybenzyl-
phosphonate (IV) from the corresponding a-ketophosphonate.
The physical and spectral properties of IV (see Plate XXV)

0H
I Hy |
06350 — P(002H5 ) g 06}15051—- P(oc'aH5 )

IV

are consistent with the structure assigned and with prelim~-
inary reports.25 Further investigations of this system are
forthcoming.

The NMR spectra (see Table V) of the compounds I support
the assigned structures. The oR’ groups follow the usual
trends for P-0-C~H coupling constants; i.e., 10~12 c.p.s.
for POCH3 and 6=8 c.p.s. for POOH20H3 and POCH(CHB)Q. The
only observed P=C=C=H couplings were for the acetyl Ia and
crotonyl Io derlvatives, which were 5 c.p:s. and 16 c.p.s.,
respectively. The latter value was deduced from the appear-

ance of three quartets for Hy, presumably due to equal values

CH H
3 A
p 0<
Hp ﬁ—P(OGH3)2
0

To



TABLE V

NMR CHEMICAL SHIFT PARAMETERS AND COUPLING CONSTANTS

OF DIALKYL ACYLPHOSPHINATES

RC(0)P(0) (OR ),

89

. 6 value
Compound Plate R R {p.p.m.)? J(c.p.s.) Asslgnment
Ia XIII CHy Colg 2.43 4 5 Rl CH
1.37 t 7.5 R' CH,
4.22 gt 7 R’ CH,
Ib XIV Colg Cpolig 1.05 t 7.5 R CHy
2.80 g 7 R CH,
1.32 t 7.5 R’ CHo
4,16 qt 7 R’ CH,
Ic XV (CHz)o0H  CpHg 1.14 4 7 R OHg
3,10 m 7 R CH
1.35 t 7.5 R’ CHs
4,16 qt 7 R’ CH,
1d XVI (CHy) 50 CoHg 1.23 s Rl CHy
1.33 % 7.5 R' CHyg
4,14 g 7 R’ CH,
‘Ie XVII  Cyclopropyl OCpHg ca. 1.15 m R CH,
2.58 m 6 R CH
1,22 t 7.5 R’ CHy
4,10 qt 7 R’ CH,
It XVIII Cyclobutyl 02H5 ca., 2.16 m R CH2
s 3,70 m R o©H
1.33 % 7.5 R’ CHo
4,19 gt 7 R’ CH,
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TABLE V (Continued)

/ b value

Compound Plate R R (p.p.m.)? J(c.p.s.) Assignment
Ig XIX Cyclopentyl 02H5 ca, 1.67 m R CH,
ca. 3.40 m R CH
1.30 t 7.5 R’ CH
4,05 qt 7 R CH,,
Ih Cyclohexyl CH3 ca. l.65m R CH,
3,81 d 11 R’ CH,
Ii Cyclohexyl 02H5 ca., 1.65 m R CH,
1.35 t 7.5 R’ CH
4,18 qt 7 R cH,
13 Cyclohexyl (CHB)QCH ca. 1.65 m R CH2
1.43 4 6.5 R’ CH,
4,85 m 7.5 R' cH
Tk XX Cycloheptyl C.H 1.58
2ty | g | CHy
ca.|2.40 CH
3.00.
1.35 t 6.5 R CH
4,18 qt 7.5 R’ CH,
Il XXT Erans-?- 02H5 7.20 s R 06H5
Pnenylcyclo=- ca. |10, R fbﬁg
propyl 2.75 : [CH
L2714 7 R’ o5
1.2
4,17 qt 7 R’ ¢cH
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TABLE V (Continued)

. , % value
Compound Plate R R (p.p.m.)2 J{c.p.s.) Agsignment
Im XXTI trang-2- CH3 7.20 s R C6H5
Phenyleyclo- 7.34]
propyl ca. 1.661m R (bH%}
2.75 {cH
3.7% 4 10.5 R’ CHy
2.78
in XXITI CgHgCH=CH CHy g.lg“m R Cglg
1
5.15/ 4 17 R HC=CH
16.89] 1
3.88 ¢ 12 R’ CHo
To XXIV  CH;CH=CH CHy, 2.02, 1.5 R on,
2.13| .
6.25]
6.52| g 1.5
|
'~6'7%— R HC=CH
7.57 g 7 [
7.84
3.90 d 11 R’ CHy

& he multiplicity of each peak 1s indicated as follows: .

singlet, s; doublet, d; triplet, t; quartet, q; and
multiplet, m.



92

for J and J The middle quartet is largest and is

Hp=P Hy-Hg®
probably actually two quartets perfectly overlapped. The J
values must be taken as approximate since second order
effects are obviously operative (see Plate XXIV).

The absence of P=C=C=H coupling in the propionyl derive
ative Ib was confirmed by spin=-decoupling. When the R
methylene protons were decoupled from the adjacent methyl
protons the quartet collapsed to a singlet with no indication
of splitting from another source. Thus B-substitution of
electron~-donating alkyl groups appears to decrease or elim=-
inate Jp_ny.g.p 1n this system in contrast to the increase of
Ip.g-g-g due to alkyl substitution. Since there are no pre-
vious reports of JP-C-O-B values for acyclic compounds other

than for terminal methyl groups, it is difficult to interpret

thegse results. The large value (33.0 c.p.s.) reported for V

L

v
(see Table I) seems to indicate that geometric factors are

involved in these interpretations. It has been suggestefﬂ
that JP-C-C-H may be proportional to the s=character of the
P-C bond, which 1s consistent with these observations and
certain other trends noted in Table I. Although some incon=-
sistencies are evident, vinyl phosphines and compounds with
P-Cl bonds tend to display larger Jpog-g-g Velues, whereas
the additional alkyl substitution in t-butyl compounds seems

to contribute to lower values.
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On the other hand, the additional s=character imposed

by the adjacent olefinic funection in VI does not increase

C6H

(C6H5)2P\C Al
s ™
06H5(ﬁ0H2/ OCH206H5
0
VI

Ipugeg-y (16 c.p.a.f1’46beyond the usual range for saturated
aliphatic phosphine oxides (triethylphosphine oxide shows a
value of 16.3 c.p.s.). In the acylphosphonate series I, the
carbonyl group seems to actually contribute to a decrease of
the corresponding J value.

It is conceivable that, in some systems, an important
contribution to the P-C=C=H coupling constant could be the
number of molecules existing in conformations in which the
P=-C=C=H linkage is coplanar. Although there 1s no evidence
for the existence of preferred conformations in IJS the
presence of prn=~d7 bonding between the phosphoryl and car-
bonyl groups in this system has been confirmed by UV studias.l3
This overlapping could result in a preference for conformers
in which the P=C=C~H atoms do not lie in the same plane,
resulting in a reduction in the corresponding coupling.
Moreover, the extended conjugation in the crotonyl deriv-
ative Io restricts the molecule to the required coplanar
arrangement, leading to a large coupling constant (16 c.p.s.)

compared to that of y,y~dimethylallylphosphonates (7.7 c.p,st]
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although both of these values are surprisingly low. No
P=C=C=H coupling was obaefved in the cinnamoylphosphonate
In, but the vinyl protons are difficult to observe due to
interference by the aromatic protons, and the product was
not obtained in a highly purified state. Thus 1t 1s poss-
ible that such coupling was obscured.

It seems likely that other factors are involved in
the explanation of the observed trends in I pegaC=H values
in the system studied. The cyclic derivatives Ie~Im dis-
played spectra that were too complicated to allow definite
assignment of J values, and efforts to resolve these diffi-
culties via spin decoupling were unfruitful, owing to limi-
tations of the equipment utilized. Further extension of
these studies to other acylphosphonates may reveal new
trends, leading to a consistent correlation between P=C=C=H
coupling constants and other properties of these unique com-
pounds. An obvious parameter 1s the bond angle PCC in such
systems. In the acyl phosphonates if an angle of about 120°
is assumed for the PCC arrangement, it is possible that elec=~
tronic transmission of magnetic effects is reduced. 1In the

o yB-unsaturated system the P-C=C angle is probably near 120°
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but all atoms are coplanar while in the saturated system the
angle is near 1090. X=ray analyéis seems a requirement for
a number of systems before a direct correlation of JPGGH ean

be made with PCC bond angle or any other parameter.



CHAPTER III

EXPERIMENTAT2 ™4

Preparation of Pivalyl Chloride. This compound and

other acid chlorides which were not commercially available
were synthesized by the following general procedure. The
results are summarized in Table VI. A 100-ml. one-necked
flask was fitted with a condenser, a drying tube, and a
magnetic stirring bar. A sample (25.5 g., 0.25 mole) of
pivalic acid was added to the flask, followed by addition
of 36 ml. (59.5 g., 0.50 mole) of thionyl chloride. The
mixture was allowed to stand for one day. The excess thi-
onyl chloride was removed by distillation followed by aze=-
otroping with benzene to remove the last traces of the

inorganic halide. The remaining material was distilled to

2 a11 melting points are corrected; all boiling points are
uncorrected.

b The infrared spectra were determined on Beckman IR-5 and
IR-5A spectrometers as films on sodium chloride cells or
potassium bromide pellets.

c
The nuclear magnetlic resonance spectra were determined on

a Varian A-60 high resolution spectrometer with a field-
sensing stabilizer ("Super Stabilizer") and a model V-6058
proton-proton spin decoupler. The solvent utilized, except
where otherwlise stated, was carbon tetrachloride containing
tetramethylsilane as an internal standard.

d mhe microanalyses were performed by Galbraith Laboratories,
Knoxville, Tennegsee.
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yleld 3.7 g. (12%) of material bolling at 105°/740 mm.

TABLE VI
PREPARATION AND PROPERTIES OF ACYL CHLORIDES

Moles Moles of &

of Thionyl Yield BePe G
Chloride Acid Chloride (per cent) (mm. )
Pivalyl 0.+.25 0.50 12 105(740)
Cyclobutane=
carbonyl 0.25 1.00 53.4 56(38)
Cyclopentane-
carbonyl 0.22 1.00 86.2 73(38)
Cycloheptane=~
carbonyl 0.10 0,20 535 185(25)
Crotonyl 0.33 0.67 42.0 121-5(737)

Preparation of Diethyl Acetylphosphonate a). The
following procedure is a modification of that used by
Kabachnik.30 This same general procedure was used to prepare
all of the esters listed in Table III. A 100-ml. three=-
necked flask was fitted with a condenser, a drying tube, an
immersion thermometer, a pressure=-equalizing addition funnel,
a nitrogen inlet, and a magnetic stirring bar. The flask
was charged with 15.0 g. (0.0903 mole) of triethyl phosphite,
and acetyl chloride (7.09 g., 0.0903 mole) was added dropwise
with stirring under nitrogen during 1 hour. The rate of
addition was adjusted at intervals to maintain the temper-
ature of the reaction mixture below 700. Effervescence was

noted shortly after the addition was started, presumably due
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to expulsion of ethyl chloride. The resulting mixture was
allowed to stir at room temperature for 1 day and then dis=-
tilled to yield 12.0 g. (73.6%) of material, b.p. 181=6°/
3=4 mm..

Preparation of Diethyl Acetylphosphonate 4-Dinitro-
phenyl)hydrazone. A stock solution of 2,4-dinitrophenyl=-
hydrazine was méde51and used to prepare the 2,4-dinitrophenyl=-
hydrazone of each of the dialkyl acylphosphonates listed in
Table III by_the following procedure.s1 The results are
summarized in Table IV. To 25 ml. of the stock solution was
added 1 ml. of diethyl acetylphosphonate. The solution was
swirled and then allowed to stand at room temperature for 1
day. The resulting slurry was filtered, and the solid
material obtained was recrystallized from methanol to yield
yellow crystals, m.p. 130-2°.

Attempted Preparation of Dimethyl Phenylacetylphos-
phonate. The reaction between phenylacetyl chloride (38.7 g.,
0.250 mole) and trimethyl phosphite (31.0 g., 0.250 mole)
was carried out by the same general procedure as that util-
1zed for the preparation of diethyl acetylphosphonate. After
standing for 1 day, the mixture partially solidified. The
solid material was removed by filtration and recrystallized
3 times from methylene chloride-petroleum ether to yield white
crystals, 18.6 g., m.p. 132-3°. The IR spectrum showed no
clearly defined carbonyl absorption but displayed a rather
distinet ~O0H peak at 3390 cm.-1. The NMR spectrum showed a

doublet (J = 12.4 c.p.s.) at 66.2 and a wide absorption near
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§ 8.8, Otherwise the spectral evidence was consistent with
the proposed structure. A 2,4-dinitrophenylhydrazone formed
slowly (1 day) when a methylene chloride solution of the
white solid was treated with the stock solution of 2,4~
dinitrophenylhydrazine. Recrystallization from methylene
chloride~ethanol ylelded greenish=yellow crystals melting

at 184-5°,

The residual liquid from filtration of the white solid
was distilled to give various fractions which all showed
carbonyl absorption in the IR spectrum. NMR spectra of
these liquids seemed to indicate that they were condensation
products.

Attempted Preparation of Diethyl Phenylacetylphos-
phonate. Following the same procedure as for the prepa=~
ration of diethyl acetylphosphonate, 6.7 g. (0.043 mole)
of phenylacetyl chldride were allowed to react with 7.2 g.
(0.043 mole) of triethyl phosphite. Vacuum distillation of
the resulting liquid gave 3 fractions. IR and NMR spectra
were inconsistent with the structure proposed, and it is
thought that condensation products were obtained.

Pre 1 eth ~Hydroxybenzyl )phosph te

o

A Parr hydrogenation apparatus was charged with 12.1 g.
(0.0500 mole) of diethyl benzoylphosphonate (prepared by

the usual procedure,a0 b.p. 168-74°/8-10 mm.), 0.80 g. of
platinum oxide (Adams catalyst), and 20 ml. of benzene. The
apparatus was evacuated 5 times to aspirator pressure,

followed each time by injection of hydrogen gas to a pressure
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of 30 psig.. The reaction vessel was shaken for 4 hours,
during which time the pressure was restored to 30 psig. at
approximately 30-minute intervals, allowing pressuré drops

no greater than 9 psi.. The pressure was then released and
the catalyst was removed from the reaction mixture by fil=
tration through Celiﬁe filter<aid. The benzene was removed
under aspirator pressure, leaving a light=brown liquid which
solidified upon standing. The solid material was washed with
petroleum ether (b.p. 30n60°) and recrystallized from_methylene
chloride~petroleum ether. A white, fibrous mass of crystals
was obtained, 6.55 g. (4902%), m.p. 83%=4° (reported m.p. 83-
40)025 The IR and NMR (Plate XXV) spectra support the struce~

ture proposed.
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