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I. THE STEREOCHEMISTRY OF 5-CHLOROMETHYL-5-METHYL-
2-0X0-2-PHENOXY-1,3,2-DIOXAPHOSPHORINAN



INTRODUCTION
The primary objective of the research outlined in Part One is to
assign the stereochemistry of some phosphorus containing heterocycles.
In order to avoid confusion over nomenclature, most of the compounds des-

cribed in this thesis will be named as derivitives of the 1,3,2-dioxaphos-

phorinan ring. (
R R

For compounds described in the Experimental section, the designation of

cis and trans will be assigned according to the arrangement of the phos-

phoryl oxygen at position 2 in relation to the chloromethyl group at C-5.
Axial (ax) and equatorial (eq) designations will also refer to the chloro-
methyl group at 5, unless.otherwise stated. Thus, the axial chair conformer
of Egggi—5—chloromethyl—%—methy1—2—0x0—2-(R4)—1,3,2—dioxaphosphorinan re-

fers to (1).

CICH,
CH

3 i

2Ry

a

Most of the compounds described in the Experimental section will be
referred to by Roman numerals as outlined in Table (1). The stereochemistry
has been established for compounds (III), (IV), (VI), and (VII). However,
the stereochemistry of compounds (VIII)-(XVII) and (V) is not known and

therefore, the relationship of substituents at C-5 to P-2 as outlined in



Table (1) is arbitrary.

The reaction of (IV) with sodium phenoxide yielded a mixture of com-
pounds which were found to be isomers of 5-chloromethyl-5-methyl-2-oxo-2-
phenoxy-1,3,2-dioxaphosphorinan. NMR signals at 0.968 and 1.28 8 were
assigned to methyl groups. Chloromethyl groups were assigned to signals at
3.34 8 and 3.77 8. It is assumed that the product is a mixture of two
isomers. When this material was subjected to chromatographic analysis
(see Experimental) two compounds were isolated; isomer A (mp 105) and
isomer B (mp 136). The nmr spectrum of A included signals at 0.96 O and
3.77’8. Likewise, the spectrum of B indicated signals at 1.28 8 and
3.34 8 . Recombination of A and B gave a spectrum similar to the one
obtained from the original mixture.

The purpose of Part One is to define the stereochemistry of isomer
A and isomer B. It should be noted, A is synonymous with (VIII) and B

is synonymous with (IX),



TABLE 1

Compound Rl R, R3
(I1I) CH,Br CHg Br 0
(1v) CH2C1 CH3 Cl 0
) CH,C1 CHg OH 0
(V1) CH2C1 CH3 0 N >
(VII) CH, CH,,C1 0 N >
(VIII) or A CH2C1 CH3 0 OO
(IX) or B CHg CH2C1 0 O@
(X) CHyCl Ay ° ‘Q
@

ba °

(XI1) CH3 CH2C1 0 N/



TABLE 1 cont.

Compound Rl R2 R4

(XI1) CH,C1 CHy O@NOZ
NO2

(XIII) CH, CH,C1 O@NOZ
NO>

(XIV) CH,C1 CH, OQOCH,%

(XV) CH, CH,C1 O@OCH:J,

(XVI) CH,,C1 CH, O@NOZ

(XVIID) CH, CH,C1 O@Noz




HISTORICAL
Perhaps the most detailed and accurate stereochemical information
of phosphorus containing heterocycles, as well as other compounds in the
solid state, comes from X-ray diffraction data. The molecular structure
of cis-2-bromo-5-bromethyl-5-methyl-2-oxo0-1,3,2-dioxaphosphorinan has

been reported by Beineke.l BY'CHZ
CHgz
; Ek:()
Br
(I

The conformation of (III) is a slightly distorted chair with the bromo
and bromomethyl groups in axial positions. Interestingly, the flattening
of the phosphate end of the ring in (III1) causes reduction of steric

interactions between bromine at P-2 and the axial hydrogens at C-4 and

C-6.2 The crystal structures of two compounds closely related to (V)

-

and (VIII), respectively, have also been reported.z'4

CH, H

s Xk
=0 R0
(2) OH (3 0

It should be noted that both compounds have chair conformations and both
P=0 bonds are equatorial. In contrast to this, recent work with trans-
S5-chloromethyl-5-methyl-2-oxo-2-piperidino-1,3,2-dioxaphosphorinan indi-
cates that P=0 is axial.®

CICH,
CHsg
N
i O



Like the conformation of (III), the phosphate end of the amidate (VI) is
flattened. Although the conformation of (III) and (VI) is known in the
solid state, X-ray data is nqt applicable to determining conformational
forms in solution. Providing that no bonds are broken, however, the
configuration at phosphorus remains fixed in relation to substituents at
C-5 for (III) and (VI).

The utilization of stereospecific reactions is one method of fixing
the configuration at phosphorus relative to substituents at C-5. Wads-
worth and Emmons used 1l-alkyl-4-phospha-3,5,8-trioxabicyclo(2.2.2)octanes
and alkyl halides to obtain phosphonates which have a single configura-
tion.® Later, cis-5-chlormethyl-5-methyl-2-oxo-2-piperidino-1,3,2-dioxa-
phosphorinan (VII) was obtained using N-chloropiperidine and methyl bi-
cyclic phosphite (r).7 Cis-2-chloro-5-chloromethyl-5-methyl-2-oxo-1,3,2-
dioxaphosphorinan (IV) ‘and (III) were also obtained, confirming their

analogous structures. O\
H b
- yo Xo  (X=dCL,BP
= @\ICI XCHp
3 \E'LR CHs -

CHs X

dle Hm (O, (I
I : > '
0

(MDD



Recently, Edmundson has prepared a series of cis-aralkyl-phosphonates
using (I) and the appropriate aralkyl chloride. He has used these com-
pounds as models for comparison with analogous cis and trans isomers pre-
pared from non-stereospecific reactions.8 1In a similar manner, Wadsworth
and Horten9 utilized (VI) in comparison with the trans isomer isolated

from the reaction of piperidine with (1IV).

, CICH, CICH,

€ H CH3
E g ek %< >
Cl
) Y

Other interesting but less applicable stereospecific reactions of phos-

phorus containing compounds are discussed by Gallagher and Jenkins .10

Although some attempts have been made to relate infraredl1:33 and

dipole moment datal? to conformational proper ties of phosphorus contain-
ing heterocycles, the majJority of stereochemical information has been
obtained from nuclear magnetic resonance (nmr) data. Although high

resolution (P3l) nmr has important applications to stereochemical prob-

18]

lems ™~ ,

the major concern here will be with (#1) omr. (#!) nmr has been
applied in two general areas,
(A) conformational aspects of six-membered rings contain-
ing phosphorus
(B) configurational aspects of substituents at phosphorus
in six-membered rings.
Unfortunately, the amount of detailed information applicable to area (B)

is small. In contrast, data relevant to (A) is extensive. Perhaps the

reason for this is that spectral properties of phosphorus containing



heterocycles exhibit features which are common with non-phosphorus con-
taining rings. It is noteworthy that work with other six-membered hetero-
cycles provides conformational models for analogous phosphorus compounds.l4
A great deal of research has been devoted to 1,3-dioxanes and re-
lated compounds in the past decade. Ramey and Messick15 have used long-
range proton coupling to suggest specific molecular forms. Jones and
Ladd16 employed coupling constants and low temperature chemical shifts
to deduce molecular structure, and predominant conformational isomers.
In a similar manner, Abraham and Thomasl” have based conformational
assignments on low temperature nmr for 1,3-dioxanes based on nmr spectra.
Anteuis, Swaelens, and Gelan29 have used the geminal coupling constants
of methylene protons in 1,3-dioxanes as a tool for conformational descrip-
tion. Anderson and Brand2! have derived thermodynamic parameters for the
chair to chair interconversion of 1,3-dioxanes based on nmr spectra. Low

22 for the derivation of

temperature nmr was employed by Eliel and Martin
thermodynamic parameters of similar substituted 1,3-dioxanes. The same
techniques employed for determining conformational forms of 1,3-dioxanes
have been used for 1,3,2-dioxaphosphorinans and related phosphorus con-
taining compounds. For example, thermodynamic parameters were determined
from low temperature nmr spectra of cyclic thiophosphates by Katritzky,
et al.23 The techniques used were analogous to the ones outlined in the
above references.

There are certain spectral features of phosphorus containing hetero-



cycles which make them unique. One unique feature is the ability of

10

phosphorus to couple with hydrogen through four or more bonds, Several

5

24
authors have suggested that there is a dihedral relationship2 for

phosphorus-hydrogen coupling and this may be utilized in the description
of conformational forms. The idea of a dihedral relationship for phos-
phorus-hydrogen c¢oupling has received strong support in the past few
years, although no theoretical treatment has been made available.36
Kainosho and Makamura26 reported work on a conformationally immobile
cyclic phosphite from which an empirically derived table of coupling con-
stants and dihedral angles was obtained. This data crudely demonstrates
that a dihedral dependency does exist. A number of other references
supporting thié idea appeared in a paper by Bentrude and Hargis.27

The ability of phosphorus to couple with hydrogen in six-membered
heterocycles often results in making complex (Hl) spectra more complex
or, in certain cases, deceptively simple.28 As an aid to analyzing these
spectra, computer iterative techniques have been applied by several

i bt Bentrude and Harg1527 have analyzed the proton spectra of

authors.
5-t-butyl-2-methoxy-1,3,2-dioxaphosphorinan using the LAOCN3 iterative
computer program.31 White, McEwen, Bertrand, and Verkade32 likewise have
analyzed the spectra of several 5,5-disubstituted 1,3,2-dioxaphosphorinans.
The chemical shifts and coupling constants derived from the detailed

analysis of these spectra has aided in making conformational assignments

and in certain cases configurational assignments.



10

The results of these analyses show that the 1,3,2-dioxaphosphorinan

ring has some interesting properities. Verkade, et al.32 have found for
various substituted phosphitgs that. the 1,3,2-dioxaphosphorinan ring is
relatively mobile. In most cases, however, a single conformer predom-

inates with the electron pair at phosphorus, preferring the equatorial

R

position. ]
4
NS

(4) OR3

The authors suggest that other conformers may also be present in equilib-

27

rium with (4). Bentrude supports this idea and suggests that rapidly

equilibrating twist boat forms may be present.

H H
Uk 0, 0CHy _, 1BUT 0y A OCHS
O/ﬁ ) . TR O
~ s

Verkade suggests that in the case of phosphates, the phosphoryl oxygen
is the controlling factor in determining the stereochemistry in solution.
He argues that in the case of 5,5-dimethyl-2-oxo-2-phenoxy-1,3,2-dioxa-

phosphorinan, the predominant molecular form in solution is the chair

form with the P=0 bond preferring an equatorial position.33

CHz

CH3

(6) >=0
OPh

He bases his argument on the fact that the 2-phenoxy group for 2-oxo-

2-phenoxy-1,3,2-dioxophosphorinan has been found to be axial in the solid



Jbil

4
state. Campbell and Hall have employed similar reasoning for other
: 38
dioxaphosphorinans.
Edmundson34 has also found conformational mobility in 2-alkyl-2-oxo-
1,3,2-dioxaphosphorinans with dominant chair forms when the alkyl sub-

2 Katritzky, et al.,23 support Edmundson's conclu-

stiuents are bulky.3
sions and found that the energy barriers for ring inversion of thiophos-
) . 36

phates is generally higher than for phosphonates. In contrast to Ver-
kade's results, Edmundson has shown that bulky alkyl substituents prefer
equatorial positiomns.

Al though nmr data applicable to determining the configuration of the
substituents at phosphorus is quite limited, one noteworthy example is

3 37

related to the use of Europium shift reagents. Yee and Bentrude have
demonstrated the relationship between the axial phosphoryl oxygen and

axial hydrogens in 2-methyl-5-tert-butyl-2-oxo-1,3,2-dioxaphosphorinan

using Eu(dpm)B.



¥2
VARIABLE TEMPERATURE NMR STUDIES

Relationship of Stereochemistry of A and B

Since mixtures of A and B were separated at room temperature it may
seem obvious that A and B are geometrical isomers and not conformers.
The establishment of this fact is necessary to avoid confusion over the
relationship of the stereochemistry of the two isomers. If only the chair
forms are considered, four isomers of 5-chloromethyl-5-methyl-2-oxo-2-

phenoxy-1,3,2-dioxaphosphorinan can exist.

CICH,

e gy 0
e O

CICH, CHy
CHs ‘ CICH
Q 5

(TXDOb (VIIDb

VIiila and IXa are trans and cis geometrical isomers respectively, as are
VIIIb and IXb. If A and B are to be considered as conformational isomers
then the activation energy barriers must be sufficiently high to prevent
interconversion at room temperature.

All attempts to convert A into B at higher temperatures (and vice
versa) failed. Heating either isomer at 185°C for four days in sealed

evacuated tubes resulted in no change. Evidence for this was provided



1L

by the fact that no new signals appeared in the nmr spectrum of either
heated material. Failure to convert A into B by heating is not conclusive
proof.that A and B cannot be conformers. It may only mean that both iso-
mers are conformationally immobile at higher temperatures. This is,
however, extremely unlikely since analogous dioxaphosphorinan compounds
have been found to be mobile over wide temperature ranges.23

The nmr spectra of isomers A and B show pronounced changes with
temperature increase. Figures (1) and (2) show the change in the absorp-
tion pattern of the chloromethyl groups and the axial and equatorial
ring hydrogens of each isomer, respectively, in o-dichlorobenzene with
an increase in temperature. The chemical shifts of the axial and equa-
torial ring hydrogens of both isomers were estimated from visual analysis
of the AB portion of the deceptively simple ABX patterns. The changes
in the chemical shifts of* the chloromethyl and methyl groups of A and B
are summarized in Figure (3).

Temperature dependency of the nmr spectra of A and B indicates that
both isomers are conformationally mobile.7 Evidence for ring inversion
is provided by the fact that the difference in the chemical shifts of
the axial and equatorial ring hydrogens decrease with increasing tem-
perature.32 The movement of the methyl and chloromethyl signals with
change in temperature is also evidence of conformational mobility.
Thus, if A and B were mobile conformers, the methyl signals (or chloro-

methyl signals) arising from each isomer would move together and co-

212147 SOUIH DAKOTA STATE UNIVERs1TY LIBRARY
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alesce at higher temperatures.32 This was not observed (see Figure 3)
since all signals moved downfield and remained separate. In spite of the
fact that the chloromethyl and methyl signals associated with each isomer
move, both isomers may nonetheless be distinguished from each other in
the temperature range studied. Since A and B are non-interconvertable
and conformationally mobile, A and B must be geometrical isomers. If
both A and B are in chair forms then: if A = VIIla, B # VIIIb; or

g"A = IXa then B # IXb.
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Figure (1)
Methylene Spectra of compound A in ‘o~ dichlorobenzene
Top 66° C. Bottom 166° C.
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Methylene Spectra of compound B in o ~di chlorobenzene
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Figure (3)
Chloromethyl and Methyl Chemical shifts of A and B.
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Determining Conformer Ratios from Chemical Shift Data-Theory

A change in the chemical shifts of substituents of conformationally
mobile six-membered ring systems with varying temperature may be attributed
to intermolecular and intramolecular factors. Changes due to intermolec-
ular factors can be classified into various solvent-temperature effects.

If specific solvent-solute interactions like hydrogen bonding.or complex-
ation can be eliminated, changes in chemical shifts due to solvent tem-
perature effects will be small. In most cases, these changes will be

39 In contrast

largely corrected for by the use of an internal standard.
to solvent-temperature effects, changes in chemical shifts due to intra-
molecular factors may be relatively large.

The majority of these intramolecular factors are related to changes
in the relative orientations of bonds and atoms within the molecule and
are normally associated with temperature dependent rate and equilibrium

processes. Consider the ring inversion of a substituted 1,3,2-dioxa-

phosphorinan.
CHy .
—_
3 = CH@?
X

If the AG difference for x and y is not zero, the two conformations are
not equally populated at all temperatures. If ring inversion is slow,

the methyl group will absorb at two different frequencies in the nmr

spectrum.40 V and V. are the frequencies of absorption in the axial and
o

1
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equatorial position. If ring inversion is rapid, however, the methyl
group will absorb at one frequency (8 ) in the nmr spectrum. The rela-
tionship of (8 ) to V, and V; depends on the relative populations of x

and y and is given by eq (1).41,42

K = - eq (1)

Since the equilibrium constant (K) is dependent upon temperature by
eq (2), a redistribution of the population of x and y caused by variation

in temperature will result in a change in the chemical shift of the methyl

group (8).41’42

K = e AG/RT eq (2)
R = 1.987 kcal/mole-degree; T = temperature (degrees Kelvin); and AG
is the free energy difference of conformers x and y in kcal/mole. Re-

arrangement of eq (1) and eq (2) clearly shows that S is a function of

T,
Vo %y él
8 = eq “3)
ey 4 eQ
where @ = -AG/RT.

It should be noted that in actual practice, 8 is rarely a function
of temperature alone as outlined in eq (3). The total change in the
chemical shift ¢ in a given temperature range is usually influenced by

solvent-temperature effects. If the solvent-temperature effects in )
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are relatively large, eq (3) will not give an accurate estimate of 8 e

Conversely, if Vo and V1 are known for a pair of rapidly interconverting

conformers of unequal energy, the calculation of AG with experimentally

observed values of @& and T from eq (1) and eq (2) may lead to errors.

Results and criticisms of this method are given by Eliel and Martin.43,44

Katritzky, et al.23, have employed chemical shift data to calculate

conformer ratio in some cyclic thiophosphates.
CH'%QP,,X z\@c Hy
b JORY g
CH3 Y CH,

Variable temperature studies revealed that in certain cases the change

in the chemical shift of CHS' and CHg was in some cases pronounced
and in others slight. For example, Katritzky found for X = Z2 = O and

Y = S, the chemical shift varied only 1.2 cps for CH3' and CH3" in a

»

temperature range of -76% C to +127° C. In contrast to this, the chemical

shift of CHB' and CHB" varied 12.1 cps and 6.6 cps, respectively, over

S-S. Furthermore, the

the same temperature range for X = Z = Se, Y

difference in the chemical shifts of CHB' and CH3” remained approximately
constant for X = Z = 0, Y = S but varied 18.7 cps for X = Z - Se, Y = S-S.
Katritzky interpreted the results of these temperature studies in terms
of the change or lack of change in the difference of the chemical shift

t

of CH, and CH,'

3 . It is assumed that the solvent-temperature effect

contribution to the change in chemical shifts in any given compound

could be canceled by taking the difference in the change in the chemical
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v L ]

shifts of CH; and CHz . Thus, lack of change in this differenge im-
plies that the compound is essentially conformationally immobile. A
change in the difference implies conformational mobility and is used in
the calculation of the ratio of conformers.

Calculation of Conformer Ratios for A, B, and Related Compounds

The experimental data derived from a variable temperature study of
A and B and related compounds is given in Tables (2) and (3) and in
Figures (4) and (5). Although changes are observed in the chemical
shifts of the chloromethyl and methyl groups in all compounds studied,
it is impossible to determine from chemical shift data alone whether
these changes are due to conformational mobility and solvent-temperature
effects or solvent-temperature effects alone. Application of the latter
case to any given compound implies complete conformational immobility.
Each compound demonstrated”changes in the nmr spectrum which were indi-
cative of perturbations in rate processes. For example, the lowering of
temperature resulted in the broadening of chloromethyl and methyl
signals, although complete separation of signals was not observed. In
ail cases, changes in the absorption pattern of the ring hydrogens were
observed. It is assumed, therefore, that changes in the chemical shifts
of these compounds is a result of conformational mobility and not sol-

vent-temperature effects alone. g

The calculation of conformer ratios for compounds (IV)-(VI), A, B,

(XII), and (XIII) is based on a method similar to the one outlined by
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Katritzky.23 Vo and V1 can be expressed in linear form by rearrangement
of eq (3).
S(1 +ev) = Yo Vlél eq (4)

is the observed chemical shift of any functional group and Q = -AG/RT.
Vo is the limiting chemical shift of any functional group in a given
magnetic environment and is usually associated with the major conformer.
V1 is the limiting chemical shift of the same functional group in a dif-
ferent magnetic environment or environments and is associated with the
minor conformational form or forms. The advantage of defining Vo and V1
in general terms is that assumptions concerning the stereochemistry of
the molecule containing the functional group may be avoided. The implicit
assumption is that there exist only two conformationally mobile forms
in which the functional group is allowed to exist in different magnetic
environments. If one conformational form dominates, the A G difference
of the two (or more) conformers cannot be zero. If V0 and V1 are known,
the ratio of major conformers to minor conformers may be calculated from

eq (1) and & . However, the prior knowledge of ¥ and V; is not absolute-

The reason for this is that if the appropriate

&

ly necessary in all cases.
value of AG is substituted in eq (4), a plot of S+ e? ) versus

will be linear with Vo and V, as intercept and slope, respectively. The

il

appropriate value of AG is chosen from a series of trial values. The

trial value which results in the smallest deviation from linearity, as

- . .45
evaluated by a least squares regression analysis~™—,

.

Correct value. The ratio of conformers may be calculated from this AG

is assumed to be the



TABLE 2

METHYL CHEMICAL SHIFTS* FROM (TMS) AT DIFFERENT TEMPERATURES

Temperature oC

(1V) (V) (V1) A B (XI1) (XII1)

- 589 65.5" 56.5 57.5 62.5 85.0 66.0 91.5

- 48 64.0 57.0, 57.0 62.5  84.0 65.0 91.0

- 36 63.5 58.Q 57.0 62.0  83.0 64.0 90.0

- 23 63.0 58.5 56.5 61.5  82.5 63.0 89.0

+ 7 62.5 58.5 56.5 60.5  81.5 62.0 87.0

+ 22 62.0 59.0 56.5 60.5  81.0 61.5 86.0

+ 40 61.5 59.0 56.0 60.5  80.5 61.0 85.0

+ 52 | 61.5 59.0 56.0 60.0  80.0 61.0 84.5
Solvent: CDC1, CD40D  CD3COCD3 CD3COCD3 CD3COCD3 CD3COCD3  CD3COCD

*In cps at 60 Miz,
@Al1 errors estimated at
#All errors estimated at

1. C
1 cps

1+ 1+

£¢



TABLE 3

CHLOROMETHYL CHEMICAL SHIFTS* FROM (TMS) AT DIFFERENT TEMPERATURES

o
Temperature C
(1v) (V) (vVl) A B (XI1) (XIII)
- 58@ 240.5% 228.0 235.0 241.5 228.5 233.0 211.5
- 48 230.0 227.9 233.5 239.0 226.0 231.5 210.5
- 36 237.0 226.0 232.0 238.5 223.0 230.5 208.5
- 23 235.0 225.0 229.5 236.0 220,5 229.0 205.5
+ 7 . 232.0 223.0 227.0 233.0 217.5 227.5 202.5
+ 22 2315 222.0 226, 5 232.5 217.0 226.5 201.5
+ 40 230.5 220.3 225.0 231.0 215.0 224.5 201.0
+* 52 229.5 220.0 224.5 230.5 2013.5 22'3.'5 200.5
Solvent: CDC14 CD50D CD3COCD; CD3COCD3  CD3COCD5  CD3COCD3  CD5COCDg

*In cps at 60 MHz
@All errors estimated at
#All errors estimated at

1 C
1 cps

I+ 1+

ve



Figure (4)

Methyl chemical shift vs 1/T x 10
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Figure (5) q
Chloromethyl chemical shift vs 1/T x 10
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value in eq (2).
The calculation of conformer ratios involves the assumption that
the sum of the squares of the deviations of the calculated line values
(§i) from the calculated 'data' point values (yi) will be a minimum. The
assumption will be made that the error lies solely in the dependent var-

iable (y;),

Qs
x; = e eq (5)
Q.
B 81(1 e i) eq (6)
. where Ry = - [&G'/RTi, and AG is a.trial value. The appropriate ex-

pressions for the slope and intercept of the linear equation derived from
'n experimental values of §i and Ti in X5 and y; are given in eq (7) and

eq (8), respectively.

) A1 2

= eq (7)

n :Z}iz - ( Xi)2
: :Z%i 1251 B :E}i :E}&yi

vV = eq (8)

! 2 2
n‘zz%i - (:z:xi)

' ‘ _
For each trial value of AG a new equation is obtained (yi = V1 Xg Ve )

T
=

which represents the best 'fit' of y; for y;. The deviations (ry) of the
Calculated line values §i from the calculated 'data' points y; are given
by eq (9).

The standard deviation (E ) is given by eq (10).
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eq (10)

For each ZSG' value there is an associated E value. The [§G‘ value
which yields the smallest E value is assumed to be the correct one since
E is a measure of the total deviation from linearity.

Obtaining values of E for each trial Z&G' value is an extremely
tedious process. For this reason, a computer program was written (OLSVAG)
for the evaluation of E'utilizing equations (2) and (4)-(10). A listing
of OLSVAG is provided in the Appendix. The program utilizes n values of
Ti and Si and calculates n values of X3 and yi+ The best value of zxcf,
substituted in increments of 0.01 kcal/mole, is chosen with the smallest
E value. It is assumed that the procedure of 'guessing' AG plays an
active role in the minimization of Eﬁ The validity of this assumption is
established in Figure (6); " The results of this analysis appear in Tables
(4) and (5). Errors in the A G values given in the Tables were calculated
from errors in the observed chemical shift values 8 , and are intended
to be only rough estimates.

The results as outlined in Tables (4) and (5) are derived from the
change in the chemical shift of the methyl and chloromethyl groups,
respectively, of compounds (IV), (V), (VI), A, B, (XII), and (XIII). Tt
should be noted, with the exception of (V), B, and (XIII), the results
obtained from both functional groups on the same compound do not agree.

The dindividual values derived from the methyl and chloromethyl shifts of
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(1V), (VI), and A do not yield the same AG fbr each compound. Moreover,
the methyl shifts yield unique and slightly higher AG values, whereas
the chloromethyl shifts yield approximately the same AG value. There

is no reason to expect that (IV), (VI), and A should have the same AG
value since all have structural dissimilarities. It is believed, there-
fore, the results obtained from the chloromethyl shifts as outlined in
Table (5) for these compounds is anomalous. The reason for this anomaly
is related to the stereochemistry of the chloromethyl group in (IV), (VI),
and A and will be discussed later. Because of this, the difference in

the chemical shifts of the methyl and chloromethyl groups of each com-

pound could not be employed to calculate AG, in an approach similar to

3 This is unfortunate since it eliminates

)

the one outlined by Katritzky.2
the possibility of accurately cancelling solvent-temperature effects in
these calculations. Since no provisions were taken to eliminate solvent-
temperature effects on the total change in 8, the AG values calculated
from methyl shifts as outlined in Table (4) are erroneous and probably
lower than the true values.

If solvent-temperature effects are approximately the same magni-
tude for all of the compounds tested, changes due to these effects are
Probably small, in the temperature range of —58o C to 4—52?C. The reason
for this is that solvent-temperature effects are probably not larger
than the smallest change observed in this temperature range, namely 1.5

Hz for the methyl chemical shift of compound (VI). In other words, if



CALCULATED CONFORMER POPULATIONS FROM METHYL CHEMICAL SHIFTS

Compound vV, (Hz) V1 (Hz) -AG (kcal/mole) % Dominant Conformer®
(1v) 68.4 26.6 0.99 + 0.3 81
) 55.1 81.5 1.07 + 0.3 84
. (vI) 57119 39.1 1.39 + 0.3 91
A 66.2 37.0 0.83 + 0.3 75
B 95.2 41.9 0.59 + 0.3 63
(X11) 76.3 20.0 0.61 + 0.3 64
(XIII) 101.4 22,1 0.84 + 0.3 76
@ at 25° c

1€



CALCULATED CONFORMER POPULATIONS FROM CHLOROMETHYL CHEMICAL SHIFTS

Compound Vo (Hz) Vl' (Hz) -AG (kcal/mole) % Dominant Conformer®
(1v) 269.1 140.2 0.52 + 0.3 58
v) 238.0 148.3 0.89 + 0.3 88
(VD) 265.1 133.8 0.51 + 0,3 58
A 267.3 140.1 0.57 + 0.3 62
B 257.4 98.3 0.62 + 0.3 65
z (XII1) 238.5 122.,7 1.24 + 0.3 88
b, ; (XIII) 230.6 104.7 0.72 + 0.3 70
: @t 25°c ’J

(4
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(VI) is conformationally immobile then 1.5 Hz represents a change due

to solvent-temperature effects alone. AG values were calculated for
(1v), A, B, (XII), and (XIII) from the difference in the change in the
respective methyl chemical shifts and the methyl chemical shift in (VI).
AG values calculated in this manner represent an attempt to compensate
for the solvent-temperature effects in these compounds and thus obtain
values which are more representative of the true value. The results of
these calculations appear in Table (6).

The variable temperature studies as stated earlier in this section
have shown that the assumption of the existence of more than one confor-
mational form for A and B is a valid one. These studies have also shown
that A cannot be a conformer of B, In spite of conformational mobility
and although the range of AG values given in Table (6) are only crude
approximations of the true walues, the assumption that A and B exist
primarily in one conformational form is not inconsistent with these re-
sults. The knowledge that A and B exist in dominant conformational forms

is helpful in the detailed analysis of the nmr spectra of these materials.




TABLE 6

CALCULATED RANGE OF CONFORMER POPULATIONS FROM DIFFERENCE IN
METHYL CHEMICAL SHIFTS

Compound Range of - AG (kcal/mole) % Range of Dominant
. ‘ Conformer
(1v) 0.99 - 1.32 81 - 90
A 0.83 - 1.29 7% - 89
B 0.59 - 0.78 63 - 73
(XI1) 0.61 - 0.76 64 - 72
(XIII1) 0.86 - 1.00 76 - 82

ve
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SPIN-SPIN COUPLING ANALYSIS

The Use of LAOCN3 in Analyzing Spectra

The nmr spectra of methylene protons of 2-substituted, S5-chloro-
methyl-5-methyl-2-oxo0-1,3,2-dioxaphosphorinans may be formally described

as an AA'BB’ portion of an AA'BB'K2Q3X system, where X = P, Q; = CH3, and
in 26 Ha
K2 = CH2C1.
- CICH, /~0 ,0
Hb P
te  /\
CH, R
Hb

Since long range coupling with CH, and CH_Cl is small, the system is

3 2

often described as an AA BB X system or more simply as an ABX system.30’23‘

ABX analysis of several dioxaphosphorinans has yielded one impor-
tant feature of the methylene spectra of these compounds. In most cases
where stereochemical assiggqfnts have been made,lphosphorus hydrogen
coupling is greater for H, protons than for H_  protons. (See Table 7)
This information and the utilization of the computer program LAOCN3 were

useful in the analysis of spectra described in this section.

46-9

A complete description of LAOCN3 may be found in several sources.
Sample input and output data is provided in the Appendix. This program
has two capabilities: 1) from an arbitrary set of chemical shift and
coupling constant data for a system of two to seven 3 spin nuclei, it can
geNerate a table of frequencies and intensities of the lines expected in
the nmr spectrum; 2) if calculated spectrum is similar to the observed

Spectrum, the program can perform iterative calculations in which the
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METHYLENE CHEMICAL SHIFTS AND COUPLING CONSTANTS OF SOME SUBSTITUTED

DIOXAPHOSPHORINANS
Structure H H * J(POCH_) J(POCH )# Ref.
a b a b
3@00—13 4.05 3.20 2.8 10.8 50
/OPh
k P 4.25 3.35 2.8 10.8 50
F
R 4.10 3.35 2.8 10.8 50
R
R Cl
R 4.30 3.45 6.0 10.8 50
3.45 3.20 3.0 10.2 50
R\
R CHy
4.18 3.82 9.9 14.0 28
- : 4.35 3.70 2.0 19.0 28
C(Ph)
R / 3
R 4.27 3.48 6.8 14.7 28

* ppm
# Hz

R = CH,
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Ph @O Ph
H ‘\o

Structure & Hb J(POCHa) J(POCHb) Ref.
FRQ \\CHaPh .17 3.70 7.8 T4 28
@)
. CHPh
ClCm‘ g 252 3.78 12.0 hars 28
e - O
CICF@CHZF’IW
: CICHZ \\O .02 3.04 - - 8
TOCH, CHZPh
R \\O .18 3.71 13.0 6. 8
CH
B,rCHQ\ aph .98 3.48 3.85 18. 8
R &0 :
R@,NHGCFB% 09 3.85 7.8 16. 28
R \b )
H@Oph
3 - 1.4 22. 38
Ph o
- 3.9 20. 38




TABLE 7 cont.

Structure H H J(POCHa) J(POCHb) Ref.

a b
E}QD'CI 4.98 4.68 5.4 29.2 36
\\
] @)
Ph :
R \’\OC(CHQ3 4.04 3.85 21.0 30
R 0

R ,Q\ R 4.38 3.85 3.9 24.6 23
R0’y ¢ o R

00 R
R /S\F®<R 4.46 3.97 1.4 24.6 23
R0 & R

) {
g@f > R 4.25 4.01 4.6 23.0 23

0 g’eg:/\ R =
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calculated lines are brought as close as possible to the observed lines.

A series of ABX spectra were calculated using LAOCN3 by which the
chemical shifts and coupling constants were varied. Some of these spec-
tra are given in Figure (7). General features of these calculated ABX
spectra were observed in the actual spectra of compounds (IV), A, and B.
In certain cases, a characteristic eight line pattern of the AB portion
‘'of the ABX spectra could be identified and approximate values for cou-
pling constants and chemical shifts were assigned. These parameters were
refined by making small changes in their values and noting the resultant
changes in the calculated spectra. Finally, iterative calculations were
attempted utilizing the more complex AA'BB'X approximation in which cal-
culated limes were 'fit' to observed lines.

While the analysis of (IV) and B is simplified because phosphorus-
hydrogen coupling is evident in both the AA' and BB’ portions of the AA'
BB'X spectra, the analysis of compound A is complicated by the fact that
the AA' portion is collapsed into a single peak. (See Figure 9)
Although the exact value of J(POCHa) cannot be determined from these
types of spectra30, the calculated ratic of H, to the most intense peak
in Hb varies with J(POCHa). This suggests a method of obtaining an
approximate value of J(POCHa). The calculated intensity ratio increases

from 4.7:1 for J(POCH_) = O Hz to 8:1 for J(POCHa) = 2.0 Hz. Compound
a

A has an observed intensity ratio of 5:1 implying that the valve of

J(POCHa) is close to zero. Alternatively, it has been suggested that
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"A"YB =30Hz

VA‘ B :'Z_OHz
3‘.0 Heio | .
I3.5Hz
-8.4H '
84Hz - A— vy = 5Hz
| |
g l : |

Figure 7
;'Calculated NMR Spectra for a 3 Spin System
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for series of compounds which have similar functional groups at phos-
phorus, the sum of J(POCH_) and J(POCHb) is appfoximately constant 8123
The sum of the phosphorus-hydrogen coupling constants for compound B is
24.8 Hz. Since J(POCH,) = 21.4 Hz for compound A, J(POCHa) may be
approximately equal to 3.4 Hz. The value of 3.4 Hz was used in obtain-
ing the calculated spectra shown in Figure (9) for compound A.

The signs of the coupling constants cannot be determined from the
spectra given in Figures (8)-(10). It is assumed that all J(POCH) cou-

ok and that all geminal coupling is negative.25 Cross

pling is positive
ring coupling J(Hbe') or J(HaHa') causes splitting in each line the four
line BB' portion of the AA'BB'X spectra.:‘xO This splitting appears as
'triplets' in the calculated spectra given in Figures (8)-(10). J(HaHb')
and J(HbHa') cause further splitting in each 'triplet'. Since each
'triplet' in the BB' portio; of the observed spectra of compounds (IV),
A, and B is relatively unsplit, the magnitude of J(HaHb') and J(HbHa') is
small., (<0.5 Hz) The results of the analysis of methylene spectra of

compounds (IV), A, and B is shown in Table (8) and Figures (8)-(10).

Relationship of Ring Conformation to Coupling in (IV), A, and B

Phosphorus-hydrogen coupling has been utilized for establishing

the stereochemistry of many dioxaphosphorinans. Although phosphorus-

hydrogen coupling is dependent on hybridization of phosphorus and the
Dature of substituents attached to phosphorus, stereochemical informa-

tion is based on evidence that J(POCH) coupling is a function of the



_Coupling Constants
H ' HL *f5(H_'H. ') @J(POCH ')  @J(POCH
a b a a
# L
H J(POCH
Compound Solvent Ha Hb J(Hbe ) J(HaHb) J(POC a) ( b)
-

v CCl4 254.2 256.2 23] -11.5 2.7 28.3

A CD3COCD3 262.0 252.8 3.4 -11.2 (3.4) 21.4

B CD3C0CD3 270.1 247,2 2.9 -10.7 4,7 20.1

* At 60 MHz

z*J(HaHa'), J(HH, '), and J(HbHa') <0.5
Assumed to be negative, see Ref. 25
Assumed to be positive, see Ref. 51

see Ref. 30

D)

(47



- OF SPECTRAL

THREE DIOXAF

Peaks Transitions RMS Max
obsd calcd error error
Compound Temperature ( °o (Hz) (Hz)
IV 40 12 48 0.241 0.294
-
A 40 13 36 0.299 0.433
B 40 13 48 0.177 0.390

€y



.

44
dihedral angle between H-C and P—O‘bonds.24 This is analogous to vicinal
H-H coupling described by the Karplus equation.25 Although some attempts
have been made to extablish exact values for J(POCH) and dihedral angles
in various phosphorus containing systems, conflicting results have ap-
peared. (See Table 9) In spite of this, several dioxaphosphorinan com-
pounds have been assigned chair conformations based on values of

J(POCH,,) = 20-30 Hz and J(POCH,4) = 0-5 Hz implying dihedral angles of

q

180 and 60, respectively.s’ss’23

Although the J(POCH) values given in Table (8) compare favorably

with values suggesting dihedral angles of 180 and 60, (assuming Ha = Hax

and .= Heq) chair conformations cannot be assigned based on J(POCH) data

alone. The reason for this is that of the three major conformational

forms of six-membered ring systems, (chair, twist-boat, boat) both chair

»

and twist-boat forms have the same dihedral angle relationships for Hax

and H .33
eq

H Hex /1

: P H \%J/FD
€q
Ft‘}[rm Hax

 The dihedral angles for H and Heq in boat conformers are equivalent,
ax

implying that J(POCH ) = J(POCHeq). The nmr spectrum of compound (II)
ax

confirms this since J(POCH_ ) = J(POCHeq) = 6.0 Hz and all dihedral

angles are approximately 120.
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TABLE 9

ANGULAR DEPENDENCE OF P-H COUPLING

Approximate
angle, degrees J (Hz) Ref.
30 2.8 »52
60 2.5 26
113 1.7 26
128 ) 4.4 26
163 9.6 26
180 10.8 52
60 6.0 28
60 1.9 53
‘. 180 22.4 28
180 21.6 58
30 7.0 54
60 12.0 54
90 0 79
180 35.0 54
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2 (I

For this reason, it is possible to eliminate the boat conformer as the
major conformational for (IV), A, and B. The question of whether (1V),
A, and B are in chair or twist-boat forms is related to the cross ring

coupling in these compounds. The J(Hbe') values for (IV), A, and B are

1

3.3, 3.4, and 2.9, respectively. J(Hbe ) coupling represents long range

coupling through four g bonds. Effective coupling ( 3> 1.0 Hz) through

four single bonds is usually confined to a planar 'W' or zig-zag config-

i 55,32
uration of atoms,

This configuration eliminates the possibility of effective cross ring
coupling for the twist-boat conformation. For this reason, (IV), A, and
B have been assigned chair conformations. Accordingly, Ha and Ha'

are axial protons and Hy and Hb' are equatorial protons.

The Relationship of Phosphorus-Hydrogen Coupling to Conformer Ratios

The variation of spectral parameters with change in temperature,
as outlined earlier, was interpreted as a consequence of the changing
Consider conformational

ratio of rapidly interconverting conformers.

€quilibria involving predominantly two chair forms.
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Top: Calculated methylene nmr spectrum
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e a
—
Hg
He ¥
x B
If the conformers are interconverting rapidly enough to give a weighted
time average then
J(POCHa) =n J(POCHax%I + (1-n) J(pOCHeq)ﬂ eq (11)

J(POCHb) = n J(POCH + (1-n) J(pOCHax)B eq (12)

)
eq'’y
where J(POCHa) and J(POCHb) are observed coupling constants and n/n-1

: 8,33
is the ratio of (}to/? o J(POCHax)(I and J(POCHaX)B are the
coupling constants with axial protons in conformationally immobile Cx
and B systems, Likewise, J(POC“eq)oc and J(POCHeq)B are the coupling
constants with equatorial pxotons in conformationally immobile Q¢ andB
Ssystems. Katritzky?3 and Edmundson® assumed that J(POCH, )¢y = J (POCH , )3
and J(POCHeq)G = J(POCHeq)/3 , implying that J(PO?Hax) and J(POCHeq)
are independent of the disposition of substituents at phosphorus. Not

enough information is presently available concerning the validity of

this assumption. Nevertheless, the assumption will be made that eq (11)

and eq (12) may be simplified by substitution of J(POCHax)(x = J(pOCHax)ﬂ

J o = J °
ax and J(POCH__) I(POCH, )

q eq
= + (1-n) J eq (13)
J(POCHa) n Jax eq
= + (1-n) J eq (14)
J(POCH,) = n J ax
= ot
The sum of the observed coupling constants ZJ(POCH) J(POCH_)
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- J(POCH)  is equivalent to J__ + J_ .
] gx eq

23

23

Edmundson and Katritzky8 have found that the sum of the observed

coupling constants ( E J(POCH) ) generally fall within the range of

ormation is available for phosphates (R = OR), the range of E J(POCH)

30,23

is approximately 20 to 25 Hz. For halogen containing compounds,

MR- = Cl, Br) the range is generally higher than for phosphates (30 to

B,y 23,30

Determination of conformer ratios is contingent upon establishing

alues for Jax or J_ - Katritzky23 determined Jax and Jeq for pyrophos-

eq

hates utilizing observed coupling constants in ((EtO)2P0)2X compounds

ere X = 0, S, or Se. The average value of Jax determined by Katritzky

23

1.6 Hz. This is in good agreement with the observed value of Jax

for (8) determined by M. Tsuboi, et a1.%

Ph d-  ®

orPh (9
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oral, Pujol and Navech assumed that J = 1.9 Hz for the purposes of
ax

' culating conformer ratios.53

If seems likely that the true value of
for phosphate and phosphonate systems is less than 2.0 Hz and

jﬁroximately constant. In contrast, Jeq appears to vary depending upon

; 0
type of substituents attached to phosphorus. Jeq may be determined

J = J(POCH ) + J(POCH,( ) - J eq (15)
eq a b ax

n = J(POCH ) - J
a eq

eq (16)
J -J
ax eq
n = J(POCH ) - J
B ol eq (17)
J -J
eq ax

le (10),




COUPLING-CONSTANTS

Per cent Major

#
Comp. Solv. Temp. J(POCH_) J(POCH, ) J(POCH) J Conformer (n)x 100
a b ax eq
-
L
v CCl4 40 21 28.3 31.0 1.5 29.5 96
A (CD3)2CO 40 0-3.4 21.4 21.4-24.8 1.5 19.9-23.2 91-100
B (CD3)2CO 40 4.7 20.1 23.4 1.5 21.9 85

*See ref. 23,38
#From eq (15)

€S
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STEREOCHEMISTRY AT C-5 AND PHOSPHORUS

Relationship of Chemical Shifts and Widths at 6ne—Ha1f Height to the
Stereochemistry at C-5

Edmundson has shown by aecoupling experiments that the coupling of
methyl groups at C-5 with phosphorus is small and non-stereospecific in
1,3,2—dioxaphosphorinans.35 In contrast, coupling of methyl groups at C-5
with methylene protons at C-4 and C-6 is small but stereospecific.5
For 5,5-dimethyl diosaphosphorinans which have been assigned chair con-
formations, the axial methyl group is more strongly coupled to the methyl-
ent ring protons than the equatorial methyl group. Furthermore, the axial
methyl group is specifically coupled to axial methylene protons.50 The

reason for this is related to the required planar 'W' configuration of

atoms for effective coupling through four single bonds.

Presumably, rotation of the methyl group will diminish the effectiveness

of the planar 'W' configuration. Nevertheless, the resonance peak asso-

Cciated with the axial methyl group will have a greater width at half height
(W3) than the equatorial methyl group due to the increased coupling with
axial methylene protons. Table (11) lists examples of compounds in which

methyl groups have been given axial and equatorial designations based on

the relative values of Wi. Although the chemical shifts of the methyl

g8roup are temperature dependent in cases where conformational mobility is
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TABLE 11

EMICAL ASSIGNMENTS AT C-5 OF SOME 5,5-DIMETHYL DIOXAPHOSPHORINANS

CH,
R e S et
wi w3

Narrow Broad
S (ppm) ] S (ppm) Ref.
,OCHy
0.70 1.25 50
OPH
0.80 1.30 50
F .
0.80 1.30 50
Cl
0.80 .25 50
/;143
1.01 1.11 28
C(CHa)s
0.87 1.25 28
CH
3 0.88 1.20 28



11 cont.
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0

Crg 7
O e A e
wi wi
Narrow " Broad
S (ppm) S (ppm) Ref.
9
QC(CH% 0.90 1.21 28
g O
‘ \,OPh 0.97 1.29 28
00
NH'C(CHS)S "t 0.o8 1.16 28
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“ﬁfésent, in most cases, the chemical shift of the broader methyl signal
iﬂéociated with the axial methyl group is downfield of the7equatoria1
1:thy1 signal.

Stereochemical assignments at C-5 of A, B, and related compounds are
en in Table 12. The assignments are based on the relative W3 values
‘the methyl signals of each pair of isomers. Therefore, the methyi
ij- ance of (VI) is compared to the methyl resonance of (VII?, A Qith B
with (XI) and so on. In all cases the broader methyl signal is
ssigned to an axial methyl group. This is analogous to the comparison
by Verkade with the two isomers of 5—chloromethy1—2-methoxy-5-methy1;

y2-dioxaphosphorinan.

CH, CICH,

can CHM
O~p

- OCHs OCHs

sed on information given in Table 12, deshielding of axial substituents
Jative to equatorial substituents might be predicted and based on the

that all signals from methyl groups designated as axial are down-

6utlined in Table (12) are correct, the chloromethyl resonance in A

11d be downfield of the chloromethyl resonance in B, and likewise for
3’%péir of isomers. This prediction is verified by chemical shift

t is noteworthy that the stereochemical assignments given for (III)
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TABLE 12

LATIONSHIP OF METHYL CHEMICAL SHIFT AND WIDTH AT ONE-HALF HEIGHT TO
THE STEREOCHEMISTRY AT C-5

Methyl Chemical Shift

CHgy

CHMR ' R
o T

Compd. W3(Hz)  §(ppm) Compd . Wi(Hz)  §(ppm)

(I1I) = 0.98
(1v) 1.4 0.97

L
Q') = 0.98
Q20 1.6 0.88 (V1D 1.9 1.18
A 1.2 0.87 B 1.8 1.23
(X 1.6 0.85 (X1) 2.0 1.35

(XII) 1.4 1.02 (XIID) 1.8 1.43




cont.
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Compd. Wwi(Hz)* S(ppm) . Compd. Wi(hz)  §(ppm)
(X1V) 1.8 0.90 (xv) 2r2 1828
(XVI) 1.4 1.00 (XVII) 1.8 185316
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TABLE 13

RELATIONSHIP OF CHLOROMETHYL CHEMICAL SHIFTS TO

THE STEREOCHEMISTRY AT C-5

CICH,
A e 4 |
) ”-R m-R
0 o)
Compd (ppm) Compd . (ppm)
(VII) 3.42 (VI) 3568
B 3.26 A 3.68
' -

(XI) SES (X) 3.68
(XIII) 3.35 (XI1) 3.74
(XV) 3.32 (XIV) 31572
(XVII) 3.42 (XVI) S 37/5
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stereochemical assignments at C-5 for (VI) and (VII) are also in

.‘iﬁdson contends that thé chemical shift difference designated‘afrzxs
‘defined as the chemical shift in CDCl3 minus the chemical shift in
gene is greater for the methyl group than the chloromethyl group at
?when the methyl groups is equatorially situated. The opposite is

S v ; 8
e when the methyl group is axial. [&8 values for the chloromethyl

“héthyi groups in A are 23 Hz and 33 Hz, respectively. The respective

reement with the results of nmr solvent studies conducted by Edmundson.7
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e Stereochemistry At Phosphorus of A and B

The ring geometry and the configuration at C-5 of some dominant
f ormers are known. All that remains is the assignment of the config-

tion of groups at phosphorus. For example, the stereochemistry at

on. The reaction of chlorine with methyl bicyclic phosphite (I) insures

t the relétionship of the chloromethyl group at C-5 with the phosphoryl

ir conformer of (IV) must be in an equatorial position.
.

Similar reasoning applies to (VI). X-ray diffraction data indicates
at the relationship of the chloromethyl group and the phosphoryl oxygen
i
solid state is trans? NMR studies of (VI) in solution indicate that

chloromethyl group at C-5 is primarily axial. If the dominant
R -

lationship of the configuration at C-5 to the configuration at phos-
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Four things are known, however, about the stereochemistry of

A and B are non-interconvertable geometrical isomers.
A and B exist in solution in dominant conformational forms.

The dominant forms of A and B are chair conformers.

The configuration at C-5 of the dominant chair conformer of A
with the methyl group primarily equatorially situated and in B

ially situated.

, information indicates that the configuration at phosphorus of the
ormers of A and B is related in a unique way. The stereochemical
ignments at C-5 demand that the phosphoryl oxygen must be axial for
1isemers or equatorial for both isomers. They cannot be axial in one
er and equatorial in the other. If the latter and forbidden case
'\"true, A would be a conformer of B and therefore A and B could not
ééometrical isomers. An al ternate way of stating this is that since
d B are geometrical isomers and the configuration at C-5 for A is
yﬁite to that of B, the configuration at phosphorus for A and B must
iﬁe same. Thus, the relative configuration at phosphorus of the
inant conformers of A and B is related to the relative and similar
QOsition of the phosphoryl oxygen and phenoxy group in both isomers.
Normally, bulky axial substituents in mobile six-membered ring sys-
'ilare not favored. The argument that an axial phenoxy'group in A
‘ iS less favored because of steric interactions with axial protomns

-4 and C-6 is probably not valid, however. X-ray diffraction



d of the ring greatly reduces 2-4 and 2-6 steric interactions. Likewise,
he argument that the phosphoryl okygen prefers an equatorial position
n 2-oxo-1,3,2-dioxaphosphorinans lacks validity. The argument is based

the X-ray diffraction study of (9),4

0%

(9 OPh %

the solid state is the dominant form in solution.
The assignment of configuration of phosphorus for A and B is based

‘relative chemical shift data. It is assumed that the disposition of

- L5k

ubstituents at phosphorus*will influence the chemical shifts of the

mistry at C-5 and because (V) may assume the most stable configuration

e L
phosphorus without changing the configuration at C-5. This is

(;i: }iZ : CIC]42

| C Hk

> u_OH : > L0
0 o
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~ There is no restriction on the relationship of the configuration at
‘phosphorus of A to the configuration of (V). Therefore, A and (V) may
:have either identical or opposite configurations at phosphorus.
CICH, CICH,
C M CH3
| ||-O ';‘(>fi
O
ACa) V(a0

CH CHs
3%' =0

N - OH
ACb) | ¥(b)

\(a) and V(a) have identical configurations as do A(b) and V(b). If A
1 (V) have identical configurations with the phosphoryl oxygen axial

en the chemical shifts of the axial methylene protons are expected to
L

> similar for both compounds. It is assumed that equatorially disposed

v elding or deshielding of axial protons. Alternately, if A and (V)
identical configurations with the phosphoryl oxygen equatorial then
e chemical shifts of the axial methylene protons are expected to be
‘ferent, Flattening of the phosphate end of the ring in A should result
1 a favorable interaction of the axial phenoxy group with the axial

ons. One would predict that the benzene ring would shield the axial

ons in A relative to those in (V). This prediction is based omn the



those of (V). The chemical shifts of axial protons of A and (V) in

M3C0CD3 are given in Table 14. The relative chemical shifts of (V) and
n (V). This means that neither of the above mentioned cases apply to:

:us in A and (V) have opposite configurations. This means that the
:'=Qhroy1 oxygen is axial in one but not both compounds.

éThe location of the p?osphoryl oxygen and its ability to form hydrogen
;dS and act as a proton acceptor is critical in determining which com-
;:-, A or (V), has an axial phosphoryl oxygen. One would predict that
nature of an axial P=0 bond is important in influencing the chemical

ft of axial methylene protons. Any changes in the axial P=0O bond

ght about by strong hydrogen bonding or protonation would result in

ges in the chemical shifts of axial methylene protons. Table 14

gen bonding if not protonation of the phosphoryl oxygen. If the

COCD,, are compared

ical shifts of the axial methylene protons in CDg 3



 TABLE 1

CHEMICAL SHIFT VALUES OF AXIAL PROTONS IN ACETONE AND TRIFLUROACETIC ACID

Solvent
CD3C0CD3 CF3COOH
. Compound Assigned Structure H,, (Hz) Hax(Hz)
CICH, . _
S CH3 ‘ * *
=5(V) 249 250
>-0
OH
CICH,
e CH45 N
A -O’ 262 256
B - T
0)

*
From visual analysis of spectra

L9
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those in CFSCOOH, Compound A demonstrates the most profound changes.
‘This provides evidence that the configuration at phosphorus of A is
“i¥ﬁbthe phosphoryl oxygen axially situated. Conversely, the phos-
fyl oxygen must be equatorial in (V). If (V) can assume the most
’table configuration by a simple proton transfer as suggested earlier,
"é:n the opposite configuration of A suggests that other factors are
volved in controlling its stereochemistry.

If the phosphoryl oxygen is axial in the dominant conformer of A

it must also be axial in the dominant conformer of B.
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RESULTS AND CONCLUSIONS

As a basis for comparison, AG values may be calculated for A and B

" The chief drawback is inherent in the interpretation of the AG

‘A and B, If the low energy conformer of A or B is in equilibrium

L

2N assigned. That A and B are in chair conformations in excess of 70%

terconversions, then the meaning of AG becomes clear. (see Figure 11)

' As depicted in Figure (11) there is a significant difference between

free energy difference of the conformers of A compareg to those of

. The difference in AG for the conformers of A and B is related to

”‘stereochemiStrY- 1f B(b) and A(b) have comparable energies then
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A(a) may be lower in energy than B(a). Conversly, if B(a) and A(a) have
comparable energies then B(b) is lower in energy than A(b). The stabi-
lization of A(b) and B(b) may be related to their configuration at C-5.
Verkade suggests that the chloromethyl group is more stable in an axial
bosition than an equatorial pos:ition.32 The data as presented in Figure
11 supports this. The lower energy form of A is stabilized by an axial
chloromethyl group relative to the low energy form of B. If the chloro-
methyl group prefers an axial position, why is B(a) the preferred confor-
mation of B and not B(b)? Verkade suggests that the axial preference of
the chloromethyl group is related to diminished steric interactiomns.
.'This, however is not an adequate explanation of the conformational pre;

ference of B, if the stereochemical assignments are correct. This

author proposes that the axial preference of the.chloromethyl group is

.related to a favorable dipole vector interaction between the chloromethyl
group and the phosphate end of the ring. A favorable dipole interaction
;laould be expected to be sensitive to a change in the configuration at
osphorus. Thus, a diminished or unfavorable dipole interaction may
Aist for the axial chloromethyl group in B(b) because of a change in
nfiguration at phosphorus relative to A(a). This is a possible expla-
ation of why A(a) is the preferred conformation of A and B(b) is not
preferred conformation of B.

The dipole interaction of an axial chloromethyl group also suggests

1sons for the anamolous results obtained from variable temperature
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FIGURE 11

COMPARISON OF FREE ENERGY DIFFERENCES OF A AND B

cICH CHy
+4ik£;§i::z§3}3 (:ICLFﬁ§§:::::’C}}5_,
=0 | O~ ‘-O
Bb)  OPh ACb) OPh
A A
'AG = AG =
O.78-|,2.2 .29-144
v
v
CH
R
0P CICH;
B . C) C}43 ‘ |
<b-0Ph

A (a)
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7  studies of (IV), (V), (VI), and A in Table 5. Each compound which gave

j:jérroneous A G values was later assigned an axial chloromethyl group at

-5, Since an axial chloromethyl group influenced by dipole interactions
"1s expected to have rotational barriers, the temperature dependent chem-
l'ical shifts of the chloromethyl protons are expected to be sensitive to
these barriers as well as ring barriers to ring inversion. For this
ason, the DG values calculated from the chemical shifts of axial
loromethyl protons will not give accurate estimates of conformer ratios.
The stereéchemistry of A and B have been assigned earlier ih this,

It will be assumed that all aryl derivitives of (IVj having

he same configuration at C-5 as A have similar stereochemistries.

wise, those having the same configuration at C-5 as B have similar
tereochemistries. Assignments based on this assumption are given in

able 15,



TABLE

15
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STEREOCHEMICAL ASSIGNMENTS OF A, B, AND RELATED COMPOUNDS

CICH, CHy , |
ANy CICHR
R R
o) @)
Compd R . Compd » R |
T Q\j - Q\, =t
S R o
(x) @g (XD) £ '
o) N 0
(XID) OzN@O G O,N O
NO, ‘ - NO,
(XIV) CH30®O (XV) C H3O©O
(XV1) OZNQO (XVII)




THE REACTION OF PHENOXIDE ION WITH 2-CHLORO-5-CHLOROMETHYL-
5-METHYL-2-0XO-1, 3,2-DIOXAPHOSPHORINAN
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INTRODUCTION

Two isomers are produced in the reaction of phenoxide ion with (IV).
The isomers produced in this reaction have been given stereochemical
assignments. If these assignments are correct, isomer A has the same
configuration at C-£ as (IV) and an opposite configuration at phosphorus.
anversely, isomer B has opposite configurations at C-5 and phosphorus

compared to (IV).
- CCH, CICH HCHs. ' 3
CHS% CH cIC ‘MP |
> 0 Jelin gv'%%oph ¥ >0 Ph
5 O

e purpose of Part Two of this paper is to discuss the above reaction

in terms of what is known about the stereochemistry of reactions at

‘f~sphorus. In addition, evidence is provided for a dissociative

Chanism in the formation of isomer B.
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HISTORICAL

Several nucleophilic substitution reactions at phosphorus (1V)
esters have been described in terms of associative bimolecular mechanisms.
Many of these reaction pathways involve either a five-membered inter-
mediate or a transition state. The alkaline hydrolysis of trimethyl

H"phosphate is an example of a reaction involving a five-membered transi-

~ tion state.>%:%0

“oH OH 0
(@) (CHOIP=0 = (CHOP:0 > (CH3O%F"-OH |

() (CHOYP0 —>  HO-POCH;—> (CHO
CHJ OCH,

- Kinetic studies establish that the hydroxide ion attack at phosphorus

2o

)

~ is the rate controlling step of the reaction. The reaction is first
.
i

~order in hydroxide ion and first order in phosphate. The formation of

v

‘ﬁaydrolysis.

Bimolecular displacement reactions at phosphorus may proceed with
lversion of configuration. Direct proof of an inversion mechanism has
en obtained by comparison of the rate of exchange 9f the labeled methyl
-ﬂfup in O-methyl-ethylphenylphosphinate with methoxide ions with the

61,62
of racemization under the same conditior.



'}sphorus with p and s orbitals is important. Electronically, several

ructures are possible, depending on the particular d orbital used for

2

For the dzz orbital, pd-sp® hybridization results in
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3
Alternatively, sp™ -d hybridization is possible and would result in tri-

o gonal bipyramidal geometry.62 The basal bonds in this typs of hybrid-

~ization are weaker than the apical bonds. A transition state or inter-

mediate assuming this type of geometry would involve a basal nucleophile

e 63

i
)
By

and leaving group and would result in inversion of configuration.

ipical nucleophile and a basal leaving group or, conversely, an apical

77‘.v1ng group and a basal nucleophile.
. L

L \T/N

ictly speaking, these types of transition states are not allowed and
1lolate the law of microscopic reversability.64 As reaction intermediates,
!

ey are allowed, however, and are subject to an interesting type of

; . 65
arrangement--pseudorotation.

Specifically pseudorotation is a type of intermolecular process

””f1Which a trigonal bipyramidal molecule is transformed by deforming

- S

about
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one of the interatomic bonds.65’66

Y

rapid hydrolysis of some cyclic phosphate esters. For example, it has

%
HOCH,CH OR-OH
3 X OH
Q y
%
+ H.0 +
29, 5\ 0
/‘P\ H \Fg =
- O O *O’/ OH

“TWilarly, the hydrolysis of methyl ethylene phosphate is accompanied by

5,68

/ /P\

) +
S+ HR0 R G CHiOH
| H

;;'ﬁg to acyclic products it, seemingly, cannot explain the rapid

ompetitive formation of the cyclized products. Relief of rideSS e
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is thought to accompany the formation of a trigonal bipyrimidal inter-

mediate in which one oxygen of the ring occupies a basal position and

the other an apical position.6

H20+£ A+H

O OCH3 Tae

+
| b s
J.C y—H H
H30 -— Oﬁ‘o@
| Hy

L . (b)L \l/ 5

| Ny Q + H'+ CHyOH

7 ’ 0* “oH

i
J

"f-dﬁct, but cannot lead to the formation of cyclic product. Presumably,
. 2 g o i

=Sp hybridization insures that the apical bonds are weaker than the
‘basal bonds. The nucleophile and leaving group are apical and the

tion intermediate proceeds with inversion of configuration.

In order for the acyclic product to form, the methoxy group must
leave from an apical position. Rearrangement of (a) to (b) via pseudo-
dtation results in an unstrained intermediate and places the nucleo-
le in the basalplane. Subsequently, bonding to the leaving group in
pical position is weakened. The resultant process proceeds with

W

acement of the methoxy group.
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The trigonal bipyramidal transition state is not the only ‘type of
TL geometry related to d orbital hybridization. For example, d 2. oBSP S
‘ X SYERRXGEY,

f{“hybridization leads to square planar geometry. Participation of the p
i ’ &

,{‘orbital gives a square pyramid structure.62

Most of the reactions so far discussed can be described in terms of
sociative bimolecular SN2 type processes. Although displacement at

;Osphorus can proceed by a dissociative pathway, the number of reliable
.‘

64,69

‘examples are few. A unimolecular mechanism has been proposed for

B 70
'}&he solvolysis of di-anionic acetyl phosphate.

: g 9 . 0 - Q
CHyCOP-0 ———> CHLCO E 23
O&

71
s5imilar mechanism is proposed for 2,5-dinitrophenyl phosphate.

Q" =
' 0 NO> _——~——-—> R NG,
o O NO,
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It appears that when the leaving group is the oxy anion of a sufficiently
. 64
strong acid, the phosphoryl derivitive assumes anhydride character.

The phosphoryl intermediate of reduced coordination in the above examples

is stabilized by its anionic character.
In contrast, the solvolysis of compounds of the type (R0)2P0X

(X = halogen or PO(OR)2 appears to proceed by associative pathways
L

- rather than unimolecular of dissociative pathways. The solvolysis of O18

g labeled diethyl phosphorochlorodate and unlabeled material in H2018

exclude a mechanism of rapid reversible formation of an intermediate and

72

favor a simple one step displacement. A unimolecular mechanism for the

. solvolysis of phosphorochlorodates might be favored by solvents of high
onizing ability.

0.. 0

i I -
RO-P-Cl ———> ROP+ + Cl
RO RO

to the significantly different rates of solvolysis of phosphoryl

ides in solvents with different nucleophilic properties but with

g 7879 ti to this occurs in
Similar ionizing ability. A notable exception

A . 76 e
fé”e solvolysis of di-t-butyl phosphinyl chloride. The relative unimpor

e of dissociative pathways appears to be related_to the reluctance

formation of a positive charge at phosphorus. Perhaps the reason for

is is that the loss of P-Cl bond energy is not completely compensated
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for by an increase in P=0 bond energy.76 The catalytic effect of certain

tertiary amines on the hydrolysis of phosphoryl compounds appears to be

9,77
related to their ability to stabilize a positive charge at phosphorus.6 !

@ 9
(RORPO POR), + /=)

bd\\ N'CH?) \\\\‘is
(R O)ZP*N\)FC Hz + (ROLPO,
1 y .
4 i ..
| (RORPO,H  +  HN NCH ~

Similarly;78

CH3 OCH,CHN (CHa ), Fr

e . CH E
0 F - 3N
C? (CF43)2

In most cases, unimolecular mechanisms are not favored due to the diffi-
culty of stabilizing positive charge at phosphorus and due to the rela-
tive efficiency of bimolecular processes. A discussion of both bi- and

. 63,64,69,79,80
unimolecular processes may be found in several sources.
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DISCUSSION OF RESULTS

- Evidence For A Dissociative Mechanism

A knowledge of the stereochemistry of A and B, produced in the
reaction of phenoxide ion with (IV), is important in determining the na-
ture of the reaction pathway responsible for their formation. If the
:;stereochemical assignments are correct, isomer A is a result of a pro-
cess which.proceeds by inversion of configuration and B by retention of
~configuration. Although stereochemical evidence alone is not sufficient
for a complete description of the reaction pathway, isomer A is probably
a result of a bimolecular sequence similar to the one outlined in
ﬁgigure (12). It should be noted that the six-membered ring places a
‘ppmstraint on the rearrangement of a trigonal bipyramidal intermediate
such that 0-1 and 0-3 cqppot occupy apical positions simultaneously.
This prevents the formation of isomer B in a trigonal bipyramidal inter-
mediate by pseudorotation. However, isomer B may be formed from an
~ inter-mediate of square pyramidal geometry in which the phenoxy group
tacks from a basal position and the chloride le;ves from a basal
osition.
Alternatively, it has been suggested that the formation of products .
jh'retention of configuration from the reaction of nucleophiles with

(IV) is a result of a dissociative process. Horten suggests that the

';ization of (IV) followed by rearrangement results in the formation

isomer (10). Subsequent attack of this isomer by a nucleophile

. . 82
'lts R i ioh O & product with retention of configuration.
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84

THE FORMATION OF A IN BIMOLECULAR ASSOCIATIVE
PROCESSES INVOLVING PSEUDOROTATION

CICH,
CH3 )
=0 * “opp
Cl
OPh
. CJ(:}+2 ()FDh
CICH, ey SOE
Cl '
ity l Cl
CICH, oy CH3
CHs , tthe
n 0
Cl
CHa
CICH;
>-0Ph
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CicH, CICH, <=  CHy +

(:F*S*;:::::E;ES i C:F45 '—%’(:IC:Fﬁétz:::::ngxa L)
(=0 i e NG
" 0

Cl e

CHs CH

;
CICHZ -OR C|CH‘m}
| ”-OR - |‘—‘O

10
I L, o

Additional evidence has been found which supports a dissociative
mechanism of (IV). A product study was conducted using the reaction of
(IV) with the sodium salt of phenol, p-methoxyphenol and p-nitrophenol

‘ in different solvents. It is assumed that if isomers‘with inversion of

- with retention of configuration, the ratio of isomers will be dependent
upon nucleophilic strength and solvent polarity. The results of this

~ study are given in Table (16). The isomer ratios indicate that the

good nucleophiles in non-polar solvents. Conversely, the formation of

' products with retention of configuration is favored in polar solvents.
AATﬁe data appears to indicate that the reaction of nucleophiles with (IV):
fprOCeeds by different and competative reaction pathways. A high ratio

- of A to B, (XIV) to (XV) and (XVI) to (XVII) in a non-polar solvent,

i. e. benzene, is favored because reaction conditions are unfavorable

ward a dissociative or other types of mechanisms which would result
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CH_O

NO

NO

NO

NO

Solvent

Benzene

TﬂFb

CHSCOCH3

CH_CN
3

Benzene

THF

Cll_ COCH
3

3

CH_CN
3
Benzene

THF

CH3C0CH3

CH_CN
3

0

85

47

44

48

88

64

58

57

40

17

15

53

56

52

12

36

42

43

60

83

85

94

%Isomer ratios (%) were obtained by integration of spectra obtained in CDC1

bTetrahydrofuan

3 as solvent

98
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in retention of configuration. One would predict that a dissociative
mechanism would be sensitive to solvent polarity and this appears to be
supported by the data in Table (16).

If (IV) is involved in dissociative pathway the resultant ioniza-
tion of chloride ion would place a positive charge on phosphorus. In
order for dissociation to occur, the loss of P-Cl bond energy must be
compensated for by other factors, perhaps with bonding of solvent mole-
£  cules or charge delocalization by increased By = qﬁ bonding. The
~ stabilization of charge at phosphorus may be involved with factors other
Fhan bonding to polar solvents, however. For example, 2-chloro-5,5=

dimethyl-2-oxo-1,3,2-dioxaphosphorinan (11) is less reactive toward

ucleophiles in polar solvents than one would predict based on the reac-

5 81
tivity of (IV).

CHy 0
N
CHy Can

or this reason, the dissociation of (IV) may be related to neighboring

group effects. Interaction of the chloromethyl group with phosphorus

‘;*£Y‘provide 2 stabilizing force for the formation of a positive charge

dissociative mechanism.
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QIProviding the rearrangement of (12) does not occur, nucleophilic attack
on (12) would proceed with retention of configuration.

The strongest evidence of a dissociative mechanism is obtained from
3 the isomerization of (XII) and (XIII). (XII) and (XIII) are geometrical

 isomers which have the same configuration at phosphorus and opposite

r}.-n—polar solvents. It appears, however, that (XIII) can be converted
:'1nto (XII) in a polar salyent at higher temperatures. When (XIII) is
dissolved in CD3CN at SSCE, the solution becomes light yellow in color,
7presumab1y due to the formation of 2,4-dinitrophenoxy ion. If maintained
f?*t this temperature, (XIII) will be converted to (XII). This reaction

ay be followed by observing changes in the nmr spectra over a period of

 few days. The intensity of the methyl resonance associated with (XIII)
| \. . . .
| decreases as the intensity of the methyl resonance associated with (XI1)

icreases. Changes in the nmr spectra of this reaction is given in

lgure (13).

[

The probable reaction sequences responsible in the isomerization of

1) and (XIII) are outlined in Figure (14). The reaction pathway may

e . i 2
lve initial ionization of (XIII) resulting 1in the formation in 2,4
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Figure 13
o (XII) in CD3CN at 55 C.

NMR spectra, Conv
respectively.

Bottom to top: 6, and 13 days,




FIGURE 14

REACTION PATHWAYS FOR THE ISOMERIZATION OF (XII) AND (XIII)

CICH, CICH

CH% OAr “CHJY ﬁ

:I O )

¥ | : ,"OAr‘
R J/ T OAr J T

CHa
Cl(”*é:::::}§2¥3 s OAT Cl(:kk§(::::§5¥>
.J.—CLAr' .:()
0 | OAr
(XTIT) (XII)
HCCI + 0 HL ClI.. + Mia
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dinitrophenoxy ion. The attack of this ion on (XIII):proceeds with
“inversion of configuration. Subsequent resubstitution reactions at
(XIII) result in a mixture of (XIII) and (XII). Alternatively, the
- reaction pathway may involve the formation of ion pairs. Rearrangement

of these ion pairs could give a mixture of (XIII) and (XII).
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EXPERIMENTAL

Description ot Instrumentation, Materials and Methods

Melting points (mp) are reported in degrees centigrade and are un-
corrected. Values under 200° were determined on a Thomas Hoover cap-
illary melting point apparatus. Values above 200° were determined on
a Fisher-Johns hot stage melting point apparatus.

Molecular weights (mw) and percent elemental analysis were cal-
culated from proposed molecular formula using standard mass values.

Elemental analyses were performed by Galbraith Laboratories, Inc.,
Knoxville, Tennessee.

Ultraviolet (uv) spectra were obtained on a Beckman DK-2A Spectro-

',:posed molecular formula and absorption values are reported in nanometers
: - .

(nm) .
Infrared (ir) spectra were obtained from a Perkin-Elmer 521 Grating

Infrared Spectrophotometer. Solid samples were run as nujol mulls or in

Nuclear magnetic resonance (nmr) spectra were obtained from a Varian

 60A Spectrophotometer at 60 MHz. Unless otherwise stated, spectra were

obtained from CDCl4 solutions (0.5 ml) containing approximately 30-60 mg

o
f ) . (O
f sample with 1-5% tetramethylsilane (TMS) as internal standard at 4



93

Absorption values are reported in parts per million (8). High and low
temperature nmr spectra were obtained using a V-6040 Variable Temperature

Controller with the A-60A Spectrophotometer. The temperature was meas-

ured by using either the methanol or ethylene gylcol method. Typiéal
instrument settings at low temperature include: radio frequency 0.01,
;filter bandwidth 0.1, amplitude 5.0 x 10, sweep time 2500.

All purified solvents were distilled through a vacuum jacketed dis-

illation column (21 theo. plates) and middle fractions isolated and

s

stored over molecular sieves. Benzene, CC14, acetone, and acetonitrile
were distilled from P40y0. Tetrahydrofuran was distilled from LiAlH,.
11 other chemicals were used without further purification as received
Pm the manufacturer.

Adsorption columns for chromatography were prepared as follows:

\’tilicic acid (500 ml, reagent grade 100 mesh) was stored in an oven for
pproximately 48 hours at 180° . The powder was allowed to cool in a
siccator and sufficient amounts of chloroform (A.C.S. grade, EtOH
sent as a stabilizer) were added to produce a thick slurry. This

urry was poured into a glass column (50 cm x 2.5 cm) fitted with a

flon stopcock and previously plugged with glass wool and sand. It

allowed to rise to a height of 40 cm and excess chloroform was added.

e excess chloroform was slowly drained from the column to facilitate

‘king but at no time was the chloroform allowed to drain below the

1 of the adsorbent. The majority of columns packed in this way were

nsluscent and free from air pockets.
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Preparation of 1-methyl-4-phospha-3,5,8-trioxabicyclo(2.2.2)octane(Methyl
bicyclic phosphite-1)

2-(hydroxymethyl)-2-methyl-1,3-propanediol (60 g, mw 120.15) and tri-
methyl phosphite (60 g, mw 120.08) were introduced into a single necked
round bottom flask. The flask was eéuipped for distillation using 19/22
g parts and the receiving vessel connected to a CaCl, drying tower. Sev-
eral dréps of triethyl amine (1 ml, catalyst) and a magnetic stirring bar
were placed in the reaction vessel and this was lowered into an oil bath
maintained at approximately 80° . The contents were stirred by a magnetic
stirrer and the temperature of the o0il bath was allowed to rise 20-30°
in 3-4 hours. Methanol began to distill at 90° and after four hours the
temperature was maintained at 115 for one hour. During this period 90
percent of the theoretical amount of alcohol (60 ml) was obtained. The
temperature was then allowed to rise to 1300 and a slight vacuum was
applied to obtain the undistilled alcohol and unreacted trimethyl phos-
phite. Upon cooling, the contents of the flask turned into a white, waxy

solid. This material was recrystalized from heptane-benzene (4:1, v/v)

B 145.10) .52

Structure:

cHil 5P (D
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Preparation of 1-methyl-4-oxaphospha-3,4,8-trioxabicyclo(2.2.2)octane
(methyl bicyclic phosphate-II)

Methyl bicyclic phosphite (10 g, 0.067 mole) was dissolved in 300 ml
of purified CCl, and chilled to 5° in an ice bath. A chilled solution
containing tert-butyl hydroperoxide (6.3 g, mw 90.11) and tert-butyl
alcohol (50 ml) was added to the phosphite over a period of 40 minutes.

J;‘ The reaction mixture became warm several times and had to be cooled in an
ice bath. After standing for several hours, thg white ﬁicrocrystalline
methyl bicyclic phosphate was precipitated from the solution. The solid
was filtered, washed several times with cold EtOH, and dried in a vacuum
at 100°. The yield of methyl bicyclic phosphate was 10 g (91%); mp 251-3;

ir (nujol) 1290-1370 (P=0); nmr (acetone-dg) 0.88 8 singlet (CH3), 4.41 8

82

Structure: Ck

C P=0
K S

Analysis: Calculated for C5H904P: c, 36.6; H, 5.5; P,,. 8119

c, 36.5; H, 5.6; P, 18.6.

eparation of Cis —2-bromo-5-bromomethyl-5-methyl-2-oxo~1,3,2-dioxa-
sphorinan(bromodate-111) '

. inele
Bromine (55 g, mw 159.82) and CCl4 (300 ml) were placed in a sing

ecked round bottom flask equipped with a 500 ml capacity addition funnel.

CC14 solution (300 ml) containing 51 g (0.34 mole) of methyl THeyeIEs

; ESphite (1) was added dropwise with cooling and stirring over a period

f two hours. During the addition a yellow precipitate formed which re-



dissolved upon warming. The excess solvent and bromine were removed
under reduced pressure leaving a light yellow viscous liquid which
solidified upon standing. The material was recrystallized from CC1l,

yielding 50 g (47%) of a light yellow solid. This material was recrys-

tallized from benzene-chloroform mixtures until a white crystalline sol-

id was obtained, mp 76-8 ;' ir (nujol) 1300 cm™1l (P=0); nmr 0.98 S

singlet (CHy), 3.60 § singlet (BrCH,), 3.83-4.67 § multiplet (R, )

Structure:

BrCH;

CH3

aT) P-0

Br

Analysis: Calculated for C5H98r203P: C, 19.5; B, S 0315 B
- Foumd: C, 19.7; H, 3.1; P, 10.0.
]

Preparation of Cis -22pghloro-5-chloromethyl-5-methyl-2-ox0-1,3,2-dioxa-
phosphorinan(chloridate-1V).

A solution of methyl bicyclic phosphite (74 g, 0.5 mole) and CC14
(300 m1) was added dropwise to a solution of CCl, (300 ml) and sulfuryl
chloride (63 g, mw 134.97). (The procedure was similar to the preparati&nv
of the‘bromodate.) A light yellow solid was isoiated and recrystallized
from CCl, yielding 68 g (62%) of chlorodate (mw 219.01). This material

was used without further purification for the synthesis ofvother compounds
outlined in this section. Purification of the chlorodate was otherwise

;ccomplished by recrystallization from benzene-chloroform mixtures and

ried in a vacuum at 55°. The chlorodate and bromodate are quite hydro-

opic substances and were stored in tightly sealed containers over P4010f
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This material gave: mp 69-71; ir (nujol) 1300 cm_1 (P=0); nmr 0.97’8

singlet (CH3), 3.608 singlet (C1CH2), 3.83—4.678 multiplet (CH2).

Structure:

CICH,

s
=0 (I

Cl

Analysis: Calculated for C5H9C1203P: C, 27.43; H, 4.15; R4 500

Found: C, 27.32; H. 4.25; P, 14.41.

Preparation of 2-hydroxy-5-chloromethyl-5-methyl-1,3,2-dioxa-phosphorinan
(acid-V)

Chlorodate (5 g, 0.023 mole) was added to a solution of H20 (5 ml)

and acetonitrile (30 ml) and stirred for eight hours in a stoppered 50 ml
erlenmeyer flask. The solution was reduced to one-half volume under re-
duced pressure and a small amount of water was added. Upon cooling the
solution yielded a whité'crystalline solid which Qas dried in a vacuum at

1

100 ; mp 144-6; ir (nujol) 1270 cm™! and 1190 em™! (P=0); nmr (MeOH-

d,) 0.98 S singlet (CHy), 3.68 S singlet (CICH,), 3.84-4.67 § multiplet

- 82
i (CHz).
Structure: C |C H2
CH3
=0 Q'H)
OH

Analysis: Calculated for C5H10C104P: c, 30.0; H, 5.0; Cl, 17.5.

~ Found: cC, 30.11; H, 5.14; Cl, 17.54.

eparation of trans_5_Ch10romethy1-5—methyl—2—oxo—2—piperidino-1.3.E—dioxa-

Osphorinan(amidate-VI) L

A solution of piperidine (10 ml, mw 85.15) and CCly (50 ml) was
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added aropwise to a solutioh of CCl, (100 ml) and chlorodate (5 g, 0.023
mole). After the initial exothermic reaction had subsided, piperidine
(10 ml) was added and the so}ution‘was stirred for one hour. The excess
solvent was removed under reduced pressure and the residue was extracted
several times using chloroform. The chloroform layer was dried over
anhydrous Na2804 and the solvent was removed under reduced pressure. The
residue was recrystallized from benzene-chloroform mixtures; mp 153-4;
ir (nujol) 1232 em~1 (P=0); nmr 0.888 singlet (CH3), 1.53 8 complex
multiplet (CHy-piperidine ring), 2.83-3.33 8 complex multiplet (CH,-
piperidine ring), 3.63 § singlet (CICH,), 3.66-4.43 § multiplet (CH,-
82

phosphorinan ring).

Structure:

CICH,

. CH3
(YD C}\és-bJ

Analysis: Calculated for C10H9C1NO3P: C, 44.85; H, 7.14; | N, 5.175

-

P, 11.61. Found:- C, 44.53; H, 7.12; N, 5.29; P, 11.68.

Cis —5—chloromethy1—5-methyl-2-oxo—2;piperidino—1,3,2—dioxaphosphorinan
\

(amidate-VII)

A sample of this material was kindly supplied by Dr. William S.

Wadsworth, South Dakota State University.

CHy
CIC HMP_
e . T

Structure:
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Preparation of 5-chloromethyl- -5-methyl-2-o0xo-2-phenoxy-1, 3, 2—diOXa-
phosphorinan (VIII, IX)

Chiorodate (5. g, 0.023 mole) and so&ium salt of bhenol (338 kg,
mw 146.12) were put into a 125 ml erlenmeyer flask. Purified benzene
(50 m1) was added and the mixture was stoppered and stirred for twelve
hours. During the course of the reaction a greyish-white precipitate
formed which was soluble in Hzo and precipitated Ag ion. At the end of
this period the reaction mixture was filtered several times to remove the
precipitated material. The filtrate was stripped under reduced pressure
and the residue solidified upon standing. The residue was extracted sev-
eral times with chloroform and the extract was washed with a saturated
laHC03 solution. The chloroform extract was dried over anhydrous Na2SO4.

,1 The chloroform was removed under reduced pressure yielding 5 g (78% of

crude product. This material, when eluted through a silicic acid column

gave two isomers which have the following proposed structures:

(:'(:F*Z. C]43
CH3 CI?_

<oy A © ‘5(1@ B

'ﬁmVIII: mp 105-7; - ir (nujol) 1288 em ) and 1200 cm~! (P=0); nmr 0.87 §

singlet (CHy), 3.68 & singlet (CICH,), 3.73-4.50 S multiplet (CH,)

— 2
7.05 8 singlet (Ar); uv (tetrahydrofuran) 268 nm, € = 3.78 x 10<,

52 nm 4.82 x 102, 256 nm, € = 3.64 x 102.

_ -1 (p=0): i.28
mp 130-2; ir (nujol) 1283 cm 1 ond 1192 cm~1 (P=0); nmr S

K iplet (CHs)
nglet (CHy), 3.26 & singlet (CICHp), 3.66-4.67 o multiple 2
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7.05d singlet (Ar); uv (tetrahydrofuran) 268 nm, € = 3.51 x 102,

264 nm € = 4.48 x 102, 256 nm e = 3.47 x 102,
Analysis: Calculated for C11H4C104P: C, 47.82; H, 5.07; B IS 28k
Found: C, 47.73; H, 5.12; P, 11.17.

Separation of (VIII) and (IX)

A solution containing chloroform (50 ml) and the above isomers (5 g)
was carefully layered into a silicic acid column. The solution was drained
into the adsorbent bed but not below it. The column was fitted with a
500 ml reservoir of chloroform and the elution was allowed to proceed at
a rate of approximately 60-70 drops per minute. Development of the col-
unn could be followed by observing the movement of a lérge opaque band,
but at no time did the isomers separate into distinct bands. Approximately

two hundred 10 ml fractions were collected and assayed at 264 nm., It is

evident from the elution curve (p. 10D that complete separation was not
obtained. The purity of intermediate fractions was determined from nmr
'Spectra. The relative amounts of each isomer could be obtained by the
integration of separate methyl signals (0.879, 1.23 S ) arising from
each isomer. Intermediate fractions were purified by fractional re-crys-
tallization from heptane-benzene-chloroform mixtures (50:45:5, v/v/v).
l In all cases, (VIII) was the most difficult isomer to purify. Subsequent
%;separations were performed using slower elution rates (30-40 drops per
‘Eiminute), collecting larger volume fractions (50-100 ml) and the assay

3@9rocedure was modified to include nmr and melting point data only.

5

3
B
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Figure 15

Elution Curve for the Separation of (VIII) and (IX)

dbiile

Relative Absorbance

7'5 IbO 180

Fraction No.
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Preparation of 5-chloromethv1-5—methy1—2—oxo—2-(8-quinolinoxy)—1,3,2-
dioxaphosphorinan (X, XI) :

Sodium salt of 8-hydroxyquinoline (3.8 g, 0.023 mole) and chlorodate
(5 g, 0.023 mole) were put into a 125 ml erlenmeyer flask containing
purified tetrahydrofuran (50 ml). The flask was stoppered and stirred
for twelve hours. The reaction mixture was filtered several times to
remove the precipitated material and the solvent was removed under re-
duced pressure leaving a yellow viscous liquid. This was extracted sev-
eral times with chloroform and the extract was washed with saturated
NaHCO3; and dried over anhydrous Na,S0,4. The solvent was removed under
reduced pressure leaving a viscous residue. The nmr of this residue in-
dicated the presence of two isomers; however, all attempts to separate

them on silicic acid failed. Partial separation of (X, XI) was achieved

'-

using an aluminia column (aluminum oxide, 80-90 mesh, dried at 180° for
48 hours). Material isolated from this column contained approximately 90
percent of one isomer (XI, by nmr) and was purified by fractional re-crys-
tallization using heptane-benzene-chloroform mixtures (50:45:5, v/v/v).

The purified isomer has the following proposed structure:

.

_ . i

I: mp 111-3; ir (nujol).1294 cm 1 (p=0); nmr 1.35 5 singlet ( }3)

3 ‘ i .58-5.00 O
.37 § singlet (C1CH,), 3.58-4.42 S multiplet (CHy ), 4.5

ultiplet (CH,,), 7.32-8.75 S multiplet (Ar).

Analy : ; .61; P, 9.45.
i ogis: Calculated for Cp HysCINOgP: (€, SL.3Li iy 4.6 1
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Found: C, 51.54; H, 4.57; P, 9.34.

Preparation of 5—chloromethv1—5-methy1-2—(2,4—dinitrophenoxy)—1,3,2-dioxa-
phosphorinan (XII, XIII)

The sodium salt of 2,4—dinitrophenol (9.4 g, 0.046 mole) and chloro-
date (10 g, 0.046 mole) were mixed with purified benzene (75 ml) in a
125 ml erlenmeyer flask. The flask was stoppered and stirred for twelve
hours. The mixture was filtered several times and the solvent evaporated
under reduced pressure. The solid residue, 11 g (68% yield), was extract-
ed several times with chloroform. The volume of the extract was reduced
to 60 ml and this solution was layered on a silicic acid column. Sepa-
ration of the two isomers (XII) and (XIII) occurred in a manner similar-to
the separation of (VIII) and (IX) as described above. The proposed struc-

tures are as follows:

A~ NO ' NO,
ke (7 g L)

(XTD 0

XII: mp 144-8 (impure); ir (nujol) 1344 cm~1 (P=0); nmr 1.02 § sing-
let (CHy), 3.74 § singlet (CICHy), 4.00-4.67 § multiplet (CHy), 7.75-
8.70 § multiplet (Ar).

' XIII: mp 118-20; ir (nujol) 1341 em™1 (P=0); nmr 1.43 S singlet (CH3),
3.358 singlet (CI1CHy), 3.76-4.83 O multiplet (CH,), 7.67-8.67 & multi-
Plet (Ar).

c, 36.03; H, 3.30; P,

Analysis: Calculated for C11H12C1N208P:

i
;:‘8-45. Found: C, 36.17; H, 3.36; P, 8.20.
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Preparation of 5-chloromethyl-5-methyl-2- (4-methoxyphenoxy)-1,3, 2-dioxa-
phosphorinan (XIV, XV)

Chlorodate (1 g, 0.0046 mole) and the sodium salt of 4-methoxyphenol
(0.66 g, 0.0046 mole) were placed in a 125 ml erlenmeyer flask and purified
benzene (50 ml) was added. The flask was stoppered and stirred for twelve
hours. The precipitated matter was removed with several filtrations and
the solvent was evaporated under reduced pressure. The residue was extract-
ed several times with chloroform and the extract was washed with satur;ted
- NaHCO5 and dried over Na,S04. The nmr of the chloroform extract indicated
the presence of two isomers, (XIV, XV); however, no attempt was made to
separate them. It is assumed that their structures are analogous to

(VIII) and (IX):

CIC

S o H, .OCH3 . ocHs
\P_ CICHM_(Y@
H

(XIV) i O (X¥)

Preparation of 5—chloromethyl—S—methy1-2—(4—nitrophenoxy)—1,3,2—
dioxaphosphorinan (XVI, XVII)

Chlorodate (1 g, 0.0046 mole) and the sodium salt of 4-nitrophenol
{;(0.7 g, 0.0046 mole) were placed in a 125 ml erlenmeyer flask with
: |

purified benzene (50 ml1). The residue (1 g, 67% yield) was isolated in

e

{ i rial
" 2 manner similar to the above procedure and the nmr of this mate

i i ) ir struc-
~ indicated the presence of two isomers. It is assumed that the

tures are analogous to (VIII) and (IX):
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CICH, NOz CHy  ~No2
(:+4§§::::Z§3}3_, C”(:FE§§ Igz e e,
" ' 7
O : 1L
(XD  oxym ©

Analysis: Calculated for C;;H;3CINOgP: C, 41.12; H, 4.05: P, 9.65

- Found: C, 40.96; H, 4.21; P, 9.47.
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APPENDIX

A program listing of OLSVAG is provided on page 107. Input and out-

put information from LAOCN3 is given in pages 108-109,
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- -
AN IV 260N-FLC-479 3-4 MAINPGM DATE 10/29/71 TIME 18.45.42

OIMENSION ALT72)4T(50),5(50),FX(50),FY r : t
e e ' (bo).FG(?%))vFXU(ZSO)-rxl(Znu);
CUPPUN TS FXFY, FG FAQEXL,FP ,FL
5 RLACCLL, 1GO) L el ¢ LF 006
100 FOKMAT(1243F LU 4)
IFLIC .GT. 0) GOTO2CO
STCP
200  RUAL(114,201)(A(J),d=1,72)
201 FUSMAT(72A1)
READ(L11+,202)(T0U)sSCU)sd=1,10)
202  FLRMAT(2F1C.4)
. :nltEll;,ano)(AlJJ.J=1.72).xu.G|.GF.ou
LRMATILH 423x,72a10//911 4304, ° INITIAL PARAMCTE ’ T
LolH 450X, ' EXPERIMFNIAL VALUES ',/7) R L A
WRITE(12,30L) €T(J)4StI)ed=1,1ID)
301 FCRMAT(LH +4E%,2E10.46)
NN=(GF=-GI)/CG
GI=GI-U5
DC400N=1,NN
GI=GI+0G
CALL GFUNUID»GL)
CALL ERMH(ID¢XO,XI,DE) a
FGI%)=GI
FXO(1:) =X
FXI¢N)=X]
FPIN)I=EXP({-1.0%GI/(0.001987%(25.0+273.15)))
400 FENI=DZ
WRITE(12,5C0)
500  FCRMAT(///,26Xe® FREE ENERGY 4% PGP. Al 25 CEG. *, ' AXIAL SHIFT ¢
! 1o* EQUIT. SHIFS *,% STANC. DEV. *,//)
WRITE(L2,502)(EGII)oFirEd) o FXULJ) oFXTUIDZFE(J)e J=14MN)
501 FURMAT(LIH ,3CRs4F12.4,34,E12.9)
6uTaS
END
RAN IV 3A0N-FO-679 3-4 GFUN CATE 16/25/71 TIME 16.46.12
.

SUERCUTINE GFUNI(ID,GI)
DIMENSTON A(72)sTU5C)+S(5C),FX(SO),FY(S004FG(250) JFXGE25C) +FXI(250)
1).FPi250)AFE(253)

CUPPON T, 5, FX,FY,FGFXO0FXL,FP,FE

DUl0J=1,18

g FX(J)=EXP(-1.0%GI/(C.GOLI98T*(T(J)+273.15)))
10 FYtJd)=50J4)¢(L.G+FX(J)) -
RLCTURHN
END
ERMB DATE 10723771 TIME 18.46.32

RAN IV 360M-FG-479 3-4

SUBRCUTINE ERM3(I0sXCsXI1,CE)
CIMENSION A(7?l'7(501'5(50)vFX(SO)'FY(SO)vFG(ZSOlcFXO(25OI'FX[(2501'

1)eFP(250)+FE(25C)
COMMON T,S¢FX,FY,FG,FXO1FXI,FP,FE
$X=0.0
SY=0.0
SXY=0.0
5x2=C.0
S$SKSC=0.0
XC=0.0 : 4
x1=0.0 ,
UDE=0.0
CI=ID
0020J=1,10 o
SX=SX+FX(J)
SY=SY+FY(J)
SKY=SXY+FX(J)=2FY ()
20 SX2=SX2+FX(J)#FX(J)
DE=CI%#5X2-5X%*5K
IFCCE .fu. 0.0) GOTC4H .
‘l:lnl'be-Sxthl/DE
X0=lSY*SX2—$X#SXY)/DE -
CG30J=1,10
Ct-= KIOPX(JlOKC-FV(J)
30 SHSQ=SMSL +DESCE
DE=SCRTI{SMST/(OI-1. 0)1}
40 RETURHN
EiD
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LACCCON I11

CASE 6 NMR SPECTRUM TYPE ABX

NN= 3 FREQUENCY RANGE  180.000  300.600 MINIMUM INTENSITY 0.01000

INPUT PARAMETERS o

Wll)= 230.CCO
Wl2)= 225.CCO
W(3)= 1C0.000
All,2)= -8.400
All,3)= 3.000
A(2,3)= 13.600

B =

CASE NO 6
LINE EXP FREQ CALC FREQ INTEN ERROR

2 231.652 1.999
7 231.647 1.999
11 225.795 1. 632
12 212.505 0.368
14 220.904 1.632 . .

15 234.195 0.368




210.00.
N -

215.00.
-

-
220.00.
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