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Abstract:
The crystal and molecular structures of four organo-phosphorus (V) esters and thioesters were solved
by X-ray diffraction methods.

S, S, S-tri-p-tolyl phosphorotrithioate crystallizes in space group P2-1/n with a = 9.489(4) A, b.=
14.938(8) A, C = 14.916(8) A, β = 97.37(4)°, and Z = 4.

The structure was solved using symbolic addition procedures and all atoms lie in general positions. The
structure is analyzed for features pertinent to the compound's ability to show long-range coupling
effects in its 1H n.m.r. spectrum. The final R is 4.8% for 2144 observed intensities.

5-t-butyl-2-methoxy-2-oxo-1,3, 2-dioxaphosphorinane crystallizes in space group Pnma with a -
6.123(4) A, b = 10.0.2(1) A, c = 17.65(1) A, and Z = 4. The structure was solved using the Patterson
synthesis and the molecule lies on a mirror plane at y = 1/4 and 3/4. The ring is a chair and the t-butyl
and methoxy groups are trahs to each other in axial positions. The final R is 5.9% for 585 observed
intensities.

5-t-butyl-2~phenyl-2-thio-l, 3,2-dioxaphosphorinane crystallizes in space group P21/n with a =
6.150(2) A, b - 11.036(3) A, c - 20.823(5) A, JS = 95.17(2)°, and Z = 4. The structure was solved using
the Patterson synthesis and all atoms lie in general positions. The ring is a chair with the t-butyl and
phenyl groups cis to each other on the ring. The t-butyl is equatorial and the phenyl axial.

The final R is 3.6% for 1259 observed intensities.

2, 5-t-butyl-l-thio-l, 3, 2-dioxaphosphorinane crystallizes in space group Pmcn with a = 10.077(3) A, b
= 10.662(3) A, c = 12.703(3) A, and Z = 4. The structure was solved using the Patterson synthesis and
the molecule lies on a mirror plane at x = 1/4 and 3/4. The ring is a chair and the t-butyl groups are cis
to each other with the t-butyl group on the C (5) position axial and equatorial on the P(2) position. The
final R is 4.8% for 763 observed intensities. 
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ABSTRACT

The c ry s ta l and m olecu lar s tru c tu re s  of four organo-phosphorus(V) e s te rs  
and th io e s te rs  w ere solved by X -ray  d iffraction  m ethods.

S, S, S -tr i-p - to ly l phosphorotrith ioate c ry s ta llize s  in space group P2-j_/n 
w ith a = 9.489(4) A, b.= 14.938(8) A, c = 14.916(8) A, /3 = 97.37(4)°, and Z = 4.
The s tru c tu re  was solved using sym bolic addition p rocedures and all atoms lie 
in  general positions. The s tru c tu re  is  analyzed fo r fea tu res pertinen t to the 
com pound's ability  to show long-range coupling effects in its  -*-Hn. m. r .  spectrum . 
The final R is  4.8% fo r 2144 observed in tensities.

5 - t -bu ty l-2 -m ethoxy-2 -oxo-1 ,3 , 2-dioxaphosphorinane c ry s ta llize s  in 
space group Pnm a with a -  6.123(4) A, b = 10.0.2(I) A, c = 17.65(1) A, and Z = 4. 
The s tru c tu re  was solved using the P a tte rso n  synthesis and the m olecule lie s  
on a m ir ro r  plane at y = 1 /4  and 3 /4 . The ring  is  a chair and the t -butyl and 
methoxy groups a re  tra h s  to each other in axial positions. The final R is  5.9% 
fo r 585 observed in ten sitie s.

5 - t-b u ty l-2 ~phenyl-2 - t h i o - l ,3 ,2 -dioxaphosphorinane c ry s ta llize s  in space 
group P21/n  with a -  6.150(2) A, b -  11.036(3) A, c -  20.823(5) A, g = 95.17(2)°, 
and Z = 4. The s tru c tu re  was solved using the P a tte rso n  syn thesis and all atom s 
lie in general positions. The ring  is a ch a ir with the t -butyl and phenyl groups 
c is  to  each other on the ring . The t-bu ty l is  equatorial and the phenyl axial.
The final R is  3.6% fo r 1259 observed in tensities.

2, 5 - t - b u ty l- l- th io - l ,  3, 2-dioxaphosphorinane c ry s ta lliz e s  in space group 
Pm cn with a = 10.077(3) A, b = 10.662(3) A, C = 12.703(3) A, and Z = 4. The 
s tru c tu re  was solved using the P a tte rson  synthesis and the m olecule lies on a 
m ir ro r  plane at x = 1 /4  and 3 /4 . The ring is a chair and the t-bu ty l groups are  
c is  to  each  other with the t-bu ty l group on the C (5) position axial and equatorial 
on the P (2) position. The final R is  4.8% fo r 763 observed in ten sitie s.



INTRODUCTION

This d isse rta tio n  is  p resen ted  in two p a rts . P a rt I p re sen ts  the c ry s ta l 

s tru c tu re  of S, S, S -tr i-p - to ly l phosphoro trith ioate , which contributes to an 

understanding of long range phosphorus-hydrogen coupling in arom atic  e s te rs  

and th io e s te rs  of phosphorus (V)„

P a rt II p re sen ts  th ree  c ry s ta l s tru c tu re s : I) 5- t -butyl-2-m ethoxy-2 - 

o x o -1 ,3 ,2 -dioxaphosphorinane, 2) 5 -t-b u ty l-2 -p h en y l-2 -th io -l, 3 ,2-dioxaphos- 

phorinane, and 3) 2, 5 - i-b u ty l-2 - th io - l, 3 ,2-dioxaphosphorinane which contribute 

to the knowledge of conform ations of s ix -m em bered  phosphorus heterocyclic

rings.



PART I

S, S5 S -T ri-p -T o ly l Phosphorotrith ioate



INTRODUCTION

Solution of the s tru c tu re  S, S, S - tr i-p - to ly l phosphorotrith ioate, shown 

in F igure I ,  was undertaken in o rd er to contribute to the explanation of long- 

range phosphorus-hydrogen coupling the compound shows in its  n .m .r. spectrum .

R. A. Shaw (17) observed that the 1H n .m .r. sp ec tra  of P(O) (SCgH^-p- 

Me)g shows som e unusual long-range coupling effects. The n .m .r. spectrum  

of the p-m ethyl protons shows a doublet with a separation  of 2.0 Hz in CCI4 . 

Upon decoupling the phosphorus nucleus by irrad ia tio n  with a second rad io ­

frequency, the spectrum  appears as a sh arp  singlet. Hence, the doublet m ust 

be the re su lt of sp in -sp in  coupling in teraction  over the seven bonds between the 

phosphorus nucleus and the p-m ethyl protons (P-S-C=C-C=C-C-H). TMs is  

believed to be the f i r s t  exam ple of sp in -sp in  coupling over seven bonds in a 

phosphorus compound in which a su lfur atom is  an intervem ng p a rt of the

CH3

FIGURE I

S, S, S - tr i-p - to ly l phosphorotritM oate
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bonding system  (17).

Several o ther compounds (of the type P (Y) (XAr)n (ZR)m ; w here Y = O or 

S; X = O, C, or S; and R = alkyl), also  show long-range phosphorus -hydrogen 

coupling (11). In review ing possib le m echanism s which could explain the long- 

range sp in-sp in  in teractions fo r these compounds, Sternhell (19) concluded tha t, 

in  general, a ^ -e lec tro n  system  is  essen tia l fo r tran sm iss io n  of long-range 

effects. A ttem pts w ere m ade to explain coupling between the phosphorus and 

the arom atic  system  by hyperconjugation thus im parting TT-character into the 

P-X -C  bond, w here X = O, C, or S. This approach was discounted since t r i s -  

p-tolylm ethylphosphonic dichloride (16), w here hyperconjugation is  not possib le , 

also  exhibits pronounced long-range coupling. G riffin and Gordon (11) explained 

the sp in -sp in  coupling through the P-X -C  bond by using F ish e r-H irsh fe ld e r-  

T aylor m odels to show that fo r a benzyl phosphorus compound, the phosphorus 

atom  lie s  over the inner c ircum ference  of the arom atic  ring . T his configuration 

may allow some overlap between the vacant d -o rb ita ls  of the phosphorus and the 

arom atic  TT-system and, th e re fo re , enhance tran sm issio n  of long-range coupling. 

Hence, the angle between phosphorus and the plane of the 77-e le c tro n  system  

(P -X -C ), m ay.be the key to the value of 7 Jp_y-.

In th is  d isse rta tio n  the c ry s ta l and m olecu lar s tru c tu re  of S ,S , S - tr i-p -  

tolyl phosphoro trith ioate  is  p resen ted  and the fea tu res pertinen t to the proposed 

overlap  model a re  d iscussed .



THE CRYSTAL AND MOLECULAR STRUCTURE OF

S, S ,S -T R I-para-T O L Y L  PHOSPHOROTRITHIOATE, P(O) (SC6 H4 -P -M e )3 

P rep ara tion

C rysta ls  of S5 S5 S -tr i-p - to ly l phosphorotrithioate w ere supplied by R„ A. 

Shaw and w ere p rep a red  as described  in the lite ra tu re  (18),

The c ry s ta l used fo r X -ray  analysis is  a co lo rle ss , tran sp a ren t, w ell­

shaped para lle lep iped  w ith approxim ate dim ensions (0,5 m m )3.

Density

The density of the c ry s ta ls  was m easu red  by the flo tation method using 

a solution of carbon te trach lo rid e  and 2 -m ethylbutane adjusted  to  ju s t suspend 

a c ry s ta l. The calculated  density was based on four m olecules p e r unit cell, 

deXp = 1.310 g / cm 3 and dca^c = 1.325 g /c m 3 .

D eterm ination of ten tative cell dim ensions and space group

W eissenberg photographs of the X -ray  diffraction p a tte rn  of P(O) (SCgH^- 

p-Me)g indicated m onoclinic sym m etry . The axis along which the c ry sta l was 

mounted was designated as a. The ten tative cell dim ensions calculated from  

the photographs w ere a = 9, b = 14, and c = 17 A5 j5 was not determ ined at th is  

point. A unit cell of these  dim ensions would requ ire  four m olecules to agree

with its  m easu red  density.
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The extinctions based on th is  cell w ere:

hk£: No conditions 
hOl: 4 ^ Zn 
OkO: k f  2n.

These extinctions correspond  to the space group w^ h  the lb axis unique.

However, for any unit cell of P g ^ /c  sym m etry , a new unit cell may be selected

by choosing the diagonal of the a and c_ axes as the c  axis fo r the new cell. In

doing so, the new unit ce ll w ill be in the space group P2 ^yir  The convention

fo r deciding which choice of space group to m ake, is  to  se lec t the space group

which m inim izes the angle (jS) between the a and c axes. Upon determ ination

of m ore accurate  ce ll dim ensions, the /3 angle fo r P2 q /c  was found to be 117.12°

and 97.37° for Pg-j/n* Hence, by convention the space group P2 l Zn Was assigned .

P 2 l Zn Iias the extinctions:

hkf: No conditions 
hM : h + 1  Z 2 n 
OkO: k Z Zn.

• D eterm ination of accurate  unit cell dim ensions

The determ ination  of accurate  cell p a ram e te rs  was obtained by the 

following m ethod which is  standard  fo r our G eneral E lec tric  XRD-5 D iffracto­

m e te r; the c ry s ta l is  mounted on the d iffractom eter and settings fo r severa l 

rec ip ro ca l la ttice  points a re  located. Tw enty-four th ree-d im ensional re fle c ­

tions w ere then selec ted  fo r which p rec ise  m easurem ents of the + 2 0  and -29
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angles w ere m ade. Cell dim ensions w ere then refined by le as t squares analysis 

of the 29 's  using our s tandard  crysta llog raph ic  computing system . The c ry s ta l 

data a re  lis ted  in  Table I .

Data collection

Data w ere collected  on the G eneral E lec tric  XRD-5 D iffractom eter 

equipped with a scin tilla tion  counter, pulse-height d isc rim in a to r, and G„ E. 

single c ry s ta l o rien te r, using 9-29 scan  technique and zirconium  filtered  

•molybdenum K0, rad iation . The c ry s ta l was mounted with the a axis p a ra lle l 

to  the spindle axis. Each peak was scanned fo r 60 seconds and the backgrounds 

on each side of the peak w ere counted fo r 30 seconds. A ch art recording of 

in tensity  vs_. 29 was m onitored during the data collection as a check on the 

centering  of the peak in  the scan range and fo r general appearance of the peak 

and backgrounds. The scan  ra te  was 2° p e r m inute with a takeoff angle of 4°.

In tensities of 3518 unique reflec tions w ere m easu red  of which 2144 

w ere considered  observed, using the c rite rio n  13*2 .5  a (I). T hree  standard  

reflections (133, 212, and 341 reflections) w ere checked approxim ately every  

two hours during data collection and rem ained  constant w ith an average devi­

ation of 1 .6 %, indicating no d e terio ra tion  of the c ry sta l.

S tructure fac to rs  (F0) w ere calculated  from  the in tensities  by applying 

the usual L oren tz-po lariza tion  co rrec tion , and weights w ere calculated from
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TABLE I  

C rystal Data

8 , 8 , S - tr i-p - to ly l phosphorotrithioate

C2 IP S 3 OH2I  F .W . 418.46 F(OOO) = 872

Mono clinic, space group P 2 i/n

a = 9.489(4) A. Ot -  90°

b = 14.938(8) . JS = 97.37(4)°

c = 14.916(8)

OOO)Il

Volume of the unit cell = 
2097 A3

Dexp = 1.310 g /cm '

M olecules /u n it cell -  4 DcaIc = 1.325 g /c n
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standard  deviations as shown below. Each reflec tion  was weighted according to 

the schem e described  by Stout and Jensen  fo r d iffractom eter data (20), where 

w — I / , and 

O-P = k /2  J I p
*  n/ N^-Nbgl-Ngba

w here

w = the weight,

op -  the s tandard  deviation in  F 0 , 

k = the scale, constant

I /  JIp = the L oren tz-po lariza tion  co rrection ,

Np = the to ta l peak count,

Nbgl and Nbgg = the background counts on e ith e r side of the peak, and 

Npk “  the net peak count.

The weighting is  a m easu re  of the re liab ility  of an observation. ]f properly  

chosen, it has the effect of adjusting the contribution of each observation to a 

system  of norm al equations in  such a way as to produce the m ost re liab le  

re su lts .

No absorp tion  o r extinction co rrec tio n s  w ere m ade. The lin ea r abso rp ­

tion coefficient of P(O) (SCgHq-p-Me)g fo r MoKa  rad iation  (X = 0.71069 A) is 

jj, = 4.27 cm""1. The tran sm iss io n  fac to rs  fo r X -rays passing  through the 

maxim um  and m inim um  dim ensions of the c ry s ta l a re  approxim ately 0.69 and 

0.79 respective ly ; th is range corresponds to  approxim ately 7% varia tion  about 

a m ean intensity  value. Scattering fac to rs  fo r the non-hydrogen atom s and
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anomalous sca tte rin g  co rrec tio n s  (^ f1 and &£"),' for phosphorus and su lfur w ere 

taken from  the International Tables (12)„ Scattering fac to rs  fo r hydrogen w ere 

taken  from  Steward, e t. a l . (20).

S tructure  determ ination

The s tru c tu re  was solved and refined  in space group data w ere

then converted to  the space group Pg^/m.

E fforts at solving the s tru c tu re  by P a tte rso n  analysis • (2) failed; th e re ­

fo re , the method of "sym bolic addition" (3) was used. The s tru c tu re  fac to rs  

w ere norm alized and Z/g re la tions w ere calculated  fo r those reflec tions with 

E 's  g re a te r  than 1.50. T here  w ere 489 reflec tions with E 's  g re a te r  than 1.50 

which w ere used in the S g  calculations. The origin defining reflec tions 

selec ted  w ere:

H K L sign

-3 7 6 +

0 3 5 +

- 1 1 0  +

Signs w ere determ ined  fo r 483 reflec tions leaving only six  a rb itra ry  choices of 

sign.

Using tills se t of signs, an E -m ap (2) was calculated  from  which positions 

of the phosphorus, oxygen, and th ree  su lfu rs w ere readily  found. Using these 

positions, the s tru c tu re  fac to r calculation gave an R -index of 0.39, where



11

R -  Z: IF n-Fn I 
R "  S l F o l
hydrogen atom s.

A F ourier m ap revealed  the positions of the rem aining non-

Refinem ent

Refinem ent was begun using the full m a trix  le as t squ ares  method of 

refinem ent (9)-with the R -index equal to 0.25 fo r the non-hydrogen s tru c tu re  

along with iso trop ic  tem p era tu re  fac to rs  and a unit weighting schem e. A fter 

th ree  cycles of refinem ent, the R -index dropped to 0.10. The tem pera tu re  

fac to rs w ere then converted to anisotropic and the weighting schem e to that of 

Stout and Jensen  (21). In two cycles the R -index dropped to 0.065 with a 

weighted R -index (Rw^d)> ° f  0.071, w here

^w td D (T w IFo- F g I)2
I

2 (V w  F o l)2 _

and the function m inim ized during le as t sq u ares  refinem ent was

D w ( |F 0 | - l / k | F c .|)2.

A difference F o u rie r  m ap (2) was then calculated  to locate hydrogen 

positions. The twelve ring  hydrogens w ere located and refinem ent of th e ir  

positions along with the o ther atom s re su lted  in  an R -  0.048 and Rwtc  ̂ ~ 0.050. 

A second difference m ap was calculated in  o rd e r to locate m ethyl hydrogens. 

The e lec tron  density around the m ethyl carbon atoms was a doughnut-shaped 

band, suggesting alm ost f ree  rot".lion of the m ethyl groups around the C-Me 

bond. An attem pt to  refine hydrogen atom s in a reas  of slightly  higher e lec tron
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density within the doughnut, resu lted  in tem p era tu re  fac to rs  of approxim ately 

twenty and hydrogen positions making no chem ical sense and hence, w ere not 

included in the final s tru c tu re .

Refinem ent of the s tru c tu re  was continued including only those hydrogens 

on the phenyl rings until the shifts in the p a ram ete rs  w ere le s s  than one half of 

th e ir  standard  deviations. The R-index rem ained  at 0.048 and an RwtcJ of 0.050 

during the final refinem ent. The observed and calculated  s tru c tu re  fac to rs  a re  

lis ted  in Table 2. The positional p a ra m e te rs  of the non-hydrogen atoms are 

lis ted  in Table 3, the th e rm a l p a ra m e te rs  fo r the non-hydrogen atom s are 

lis ted  in  Table 4, and the hydrogen atom  p a ram e te rs  a re  lis ted  in  Table 5.

D iscussion of the s tru c tu re  * S,

A drawing illu s tra tin g  the th e rm al ellipsoids (13) fo r the m olecule of

S, S, S -tr i-p - to ly l phosphorotrith ioate is shown in F igure 2. The bond lengths 

a re  lis ted  in  Table 6 and bond angles in Table 7. The bond lengths and angles 

a re  also illu s tra te d  in F igure  3.

All atom s in  the m olecule lie  in genera l positions. The coordination 

around the phosphorus is  a d is to rted  te trah ed ro n  with the th ree  su lfu rs bent 

away from  the oxygen at angles of 116.7, 116.9, and 116.2° fo r S (I), 8(2), and 

8(3) respec tive ly . The angles S(l)-P-S(3), S(2J-P-S(S), and S(l)-P -S(2) a re  

100.7, 101.4, and 102.3° respective ly . The m olecule has nearly  Cg sym m etry
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TABLE 3-

Positional param eters of non-hydrogen atoms 

in S1S, S-tri-p -tolyl phosphorotrithioate.

Atom x /a

8(1) 0.0323(2)
8(2) 0.1606(2)
8(3) -0.0916(1)
P 0.1018(1)
O 0.2059(3)

C(I) 0.0372(6)
C(2) 0.1480(6)
C(3) 0.1465(6)
C (4) 0.0376(5)
C (5) -0.0698(6)

C (6) -0.0722(6)
C(?) . 0.0359(5)
C (8) 0.3259(6)
C (9) 0.3358(7)
C(IO) 0.4652(7)

C (Il) 0.5878(7)
C (12) 0.5757(7)
C (13) 0.4468(7)
C (14) 0.7325(6)
C(IS) -0.0394(5)

C (16) 0.0277(6)
C (17) 0.0576(6)
C (18) 0 . 0 2 0 1 (6 )
C(19) -0.0478(7)
C (20) -0.0766(7)

C (21) 0.0521(6)

y /b z /c  .

0.4718(1) -0.3000(1)
0.4600(1) -0.0890(1)
0.3282(1) -0.1714(1)
0.3792(1) -0.2007 (I)
0.3135(2) -0.2228(2)

0.4093(3) -0.4007(3)
0.4224(4) -0.4506(4)
0.3819(4) -0.5334(4)
0.3271(3) -0.5699(3)
0.3144(4) -0.5177(4)

0.3543(4) -0.4342(4)
0.2843(3) -0.6632(3)
0.5010(4) -0.1164(3)
0.5868(4) -0.1486(4)
0.6217(4) -0,1636(3)

0.5712(4) -0.1486(3)
0.4845(4) -0.1171(3)
0.4508(4) -0.1012(4)
0.6105(4) -0.1657(4)
0.2582(3) -0.0762(3)

0.1782(4) -0.0843(4)
0.1249(4) -0.0082(4)
0.1483(4) 0.0756(3)
0.2285(4) 0.0811(4)
0.2839(4) 0.0059(4)

0.0876(4) 0.1590(3)

aThe number in parentheses is  the standard deviation 
and refers to the least significant digits.



16

TABLE 4

T herm al p a ram e te rs  of non-hydrogen atom s 

in  S, S, S -tr i-p - to ly l phosphoro trith ioate .

Atom 8 n a ’b # 2 2 #33 #12 #13

S(I) 216 (S)C 45(1) 47(1) 14(1) . 7(1)
8(2) 180(2) 69(1) 46(7) -18(1) 20(1)
8(3) 135(2) 60(1) 58(1) - 1 (1 ) 3(1)
P 141(2) 45(1) 42(1) 3(1) 4(1)
O 144(5) 56(2) 56(2) 19(3) 8(2)

C(I) 131(8) 42(3) 45(3) 5(4) -1(4)
C(2) 118(9) 62(4) 57(3) -25(5) -1(5)
C(3) 125(9) 70(4) 57(3) -8(5) 33(5)
C (4) 117(7) 40(3) 57(3) 5(4) 15 # )
C (5) 129(9) 63(4) 66(4) -30(5) 13(5)

C (6) 140(9) 66(4) 56(3) -9(5) 30(5)
C(7) 206 (9) 60(3) 46(3) -1(5) 23(4)
C (8) 146(9) 47(3) 36(2) -2(4) 5(4)
C (9) 171(10) 58(4) 52(3) 18(6) 2(5)
C(IO) 2 0 0 (1 1 ) 58(4) 53(3) -14(6) 16(5)

C(H ) 203(11) 64(4) 37(3) 1 (6 ) 7(4)
C (12) 141(10) 63(4) 47(3) 13(6) 10 # )
C(IS) 205(12) 40(3) 45(3) . -5(6) 7(5)
C (14) 155(9) ' 110(5) .88(4) -43(7) 35(5)
C(IS) 129(8) 49(3) 46(3) -5 # ) 12#)

£23

4(1)
-18(1)

11 (1)

0 (1)

0 (2 )

8 (2 )

3(3)
0(3)
8 (2 )

-10(3)

T 3 ( 3 )

-16(2)
- 6 # )

3(3)
9(3)

-7(3)
-10(3)

-4(3)
5(4)
0 (2)
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TABLE 4- 

(Continued)

Atom jSll 0 2 2 033 012 013 023

C (16) 159(9) 56(3)' 47(3) 9(4) 19(4) 1(3)
C (17) 160(9) 54(3) 62(4) 20(5) 14(4) 1(3)
C (18) 157(9) 57(3) 54(3) -14(4) -1(4) -6(3)
C(19) 290(13) 61(4) 45(3) 7(6) 17(5) -7(3)
C (20) 249(12) 52(4) ' 61(4) 9(5) 19(5) -7(3)

C(21) 256(11) 74(4) 47(3) -4(5) -13.(4) 22(3)

aThe /Sjjis have been m ultiplied by 10^.

^The form  of the an iso tropic th e rm al e llipso ids is,

exp (-£ H h 2 -  S2 2 k2 ~ /S3 3 “ SlSh -6 " S23k -6).

cThe num ber in  p a ren theses is  the s tandard  deviation and re fe rs  to the 
le a s t significant d ig its.
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' Hydrogen atom p a ram e te rs  in 

S, S, S -tr i-p - to ly l phosphorphorotrith ioate.

TABLE 5

Atom x /a y /b z /c Biso

H(I) 0.222(4)% 0.455(2) -0.433(2) 2 .5(1.0)

H(2) 0.219(4) 0.394(3) -0.564(3) 4.2 (1.1)

H(S) -0.139(4) 0.285(3) -0.535(3) 4.0(1.3)

H (4) -0.143(5) 0,347(3) -0.395(3) 5.4 (1.2)

H(5) 0.255(4) 0.622(2) -0.163(2) 5.0(1.3)

H(6) 0.460(4) 0.687(3) -0.194(2) 6.9 (1,3)

H(7) 0.657(4) 0.448(2) -0.109(2) 4.8(1.3)

H(8) 0.442(3) 0.403(2) -0.078(2) 3.1(1.2)

H(9) 0.49(4) 0.160(3) -0.147(3) 4.5 (1.0)

H(IO) 0.103(4) 0.072(3) . -0.015(3) 4.7 (1.2)

H (Il) -0.076(5) 0.250(3) ' 0.142(3) 6 .6 (1 .3)

H (12) -0.123(6) 0.342(4) 0.007(3) 9.4(1.8)

aThe num ber in  paren theses is  the standard  deviation and 
re fe rs  to the le a s t significant d ig its .
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C7

F igure 2.

M olecular s tru c tu re  of 

S ,S , S - tri-p - to ly l phosphorotrithioate 

illu s tra tin g  the th e rm al ellipso ids.
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TABLE 6 

Bond d istances in

S, S, S -tr i-p - to ly l phosphorotrith ioate

Bond distance

S (I)-P 2.072(2)*

S(I)-C(I) 1.774(5)

S(2)-P 2.075(2)

S(2)-C(8) 1.779(5)

S(S)-P 2.084(2)

S(S)-C(IS) 1.781(5)

P-O 1.459(3)

C(I)-C(Z) 1.379(8)

C(I)-C(G) 1.367(8)

C(Z)-C(S) 1.374(8)

C (S)-C (4) 1.375(8)

C(4)-C(5) 1.372(8)

C(4)-C(7) 1.529(7)

C(S)-C(G) 1.385(8)

C (8)-C (9) 1.376(8)

C(S)-C(IS) ■ ■ 1.365(9)

C(S)-C(IO) 1.378(10)

C(IO)-C (11) 1.381(9)

C (Il)-C  (12) 1.387(9)

G (H )-C  (14) . .. 1.544(8)

Bond distance

C (12)-C (13) 1.371(10)

C(IS)-C (16) 1.366(7)

C(IS)-C (20) 1.373(8)

C(16)-C(17) 1.386(8)

C (17)-C (18) 1.387(8)

C(IS)-C (19) 1.369(8)

C(IS)-C (21) 1.537(7)

C (19)-C (20) 1.382(8)

C(Z)-H(I) 0.87(4)

C(S)-H(Z) 0.89(4)

C(S)-H(S) 0.81(4)

C(6)-H(4) 0.94(4)

C (9)-H(5) 0.93(3)

C(IO)-H(G) 1.08(4)

C (12)-H(7) 0.94(4)

C(IS)-H(S) 0.80(3)

C (16)-H(9) 1.02(4)

C(17)-H(10) 0.92(4)

C(19)-H(H) 1.03(4)

C(20)-H(12) 0.92(4)

aThe num ber in pa ren th esis  is  the standard  deviation and re fe rs  
to  the le a s t significant digits.



TABLE 7

Bond angles fo r S, S, S - tr i-p - to ly l phosphorotrith ioate.

Atoms' D egrees Atoms D egrees Atoms D egrees

P -S (I)-C (I) 10Z.3 (Z)a C (9)-C (S)-C(IS) 118.4(5) C (4)-C(3)-H(Z) IZL(S)
P-S(2)-C(8) . 98.8 (Z) C(S)-C (O)-C(IO) 1Z0.8(5) C (4)-C (S)-H(S) 1ZZ. (3)
P-S(S)-C (15) 10Z.7 (Z) C(9)-C (IO)-C (11) .IZLl(G)' . C(G)-C(S)-H(S) 115.(3)
S(I)-P-S(Z) 10Z.3(1) C(IO )-C(Il)-C(IZ) 117.4(5) C(5)-C(6)-H(4) 1Z7. (3)
S(I)-P-S(S) 100.7(1) C(IO)-C (H )-C  (14) 1Z0.9(5) C(l)-C(6)-H(4) 114.(3)
S (I)-P -O 116.7(1) C (IZ )-C ( l l ) - c (14) 1Z1.7 (5) C(8)-C(9)-H(5) IZl-(Z)
S(Z)-P-S(S) 101.4(1) C (Il)-C  (IZ)-C (13) 1Z1.0(6) C(IO)-C (9)-H(5) 119.(Z)
S(Z)-P-O 116.9(1) ■ C (IZ)-C (IS)-C (14) IZ l1S(G) C (9)-C (IO)-H(G) 115.(2)
S(S)-P-O 116.Z (I) S(S)-C (IS)-C (16) 1Z1.9(4) C(H)-C(IO)-H(G) 1Z4. (Z)
S(I)-C(I)-C(Z) 119.1(4) S(S)-C(IS)-C(ZO) 118.1(4) C (Il)-C  (IZ)-H (7) 119. (Z)
S(I)-C (I)-C (6) 1Z1.7 (4) C(IG)-C (LS)-C(ZO) 119.9(5) C(IS)-C (IZ)-H(V) 1Z0.(Z)
C(Z)-C(I)-C(G) 119.0(5) C (IS)-C (IG)-C (17) 118.7(5) ■ C(IZ)-C(IS)-H(S) 1Z0.(Z)
C(I)-C(Z)-C(S) 1Z0.Z(5) C(IG)-C (17)-C (18) 1Z3.0(5) C(S)-C (IS)-H(S) 118.(2)
C (Z)-C (S)-C (4) 1ZZ.6(5) C (17)-C (18)-C (19) 116.8(5) C (IS)-C (16)-H (9) 118.(2)
C(3)-C(4)-C(5) 115.7(5) C(17)-C (IS)-C(Zl) 1ZZ.3 (5) ■ ■ C (17)-C (16)-H(9) 123.(2)
C(S)-C (4)-C (7) 1Z1.9(4) C(19)-C (IS)-C (Zl) 1Z0.9(5) C (IG)-C (17)-H(10) 117.(3)
C(S)-C (4)-C (7) 1ZZ.5 (5) C (IS)-C (19)-C (ZO) IZl.Z(G) C(IS)-C (17)-H(10) 120.(3)
C(4)-C(5)-C(6) 1Z3.4(5) C(19)-C (ZO)-C(IS) 1Z0.4(6) C(IS)-C (19)-H(11) 120.(3)
C(5)-C(6)-C(l) 119.Z (5) C(I)-C(Z)-H(I) !24.(2) C(BO)-C (IS)-H (Il) . 1!9.(3)
S(Z)-C(S)-C (9) 1Z0.Z(4) ■ C(S)-C(Z)-H(I) 116. (Z) C(19)-C(Z0)-H(1Z) 124.(3)
S(Z)-C(S)-C(IS) 1Z1.4(4) C(Z)-C(S)-H(Z) ' 117.(3) C(IS)-C(BO)-H(IZ) 115.(3)

aThe num ber in paren theses is  the standard  deviation and re fe rs  to the le a s t significant digits.



F igure 3.

Bond d istances and angles for S, S, S -tr i-p - to ly l phosphorotrith ioate
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with the C3 axis passing  through the P-O  bond.

An explanation fo r the su lfurs being bent away from  the oxygen atom may 

be tha t the tolyl g ro u p s, being d irec ted  upward tow ard the oxygen atom , re su lts  

in  s te r ic  repu lsion  between the tolyl groups and the oxygen atom . The s te r ic  

s tra in  can be re lieved  by increasing  the O -P-S  angles.

The P -S (I), P -S  (2), and P-S(S) bond d istances a re  2.072, 2.075, and 

2.084 A respective ly . The P-S(S) bond length is  4-6 standard  deviations longer 

than the P-S(I) and P-S(2) bond lengths, a difference which may be significant. 

The P-S(I) and P-S(2) bonds a re  not significantly different. All th ree  P-S bond 

lengths may be considered  norm al. The P=O bond length of 1.459 A is  within 

the norm al range, (1.42-1.52 A).

Bond angles P -S (I) -C (I), P-S(2)-C(8), and P-S(S)-C(IS) a re  102.3, 99.8, 

and 102.7° respective ly . These a re  norm al P -S-C  angles except when one con­

s id e rs  that th e re  a re  two bulky groups on e ith e r end of the bond. The oxygen 

atom is  separa ted  from  the arom atic  rings by only the sum  of the van der W aals 

ra d ii, approxim ately 3.27 A. One might expect that the s te r ic  repulsion  may be 

re lieved  by increasing  the P-S-C  angles which may have happened fo r the O -P -S  

angles. These seem ingly sm all angles m ay re su lt  from  overlap  of orb itals 

between the phosphorus atom  and the C (I), C (8 ), and C (15) atom s. The s tru c ­

tu re  shows that these phosphorus to carbon atom  distances a re  2.954, 3.024, and

3.001 A respec tive ly , which a re  close enough to  produce som e overlap  of o rb ita ls
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from  phosphorus and the o rb ita ls  of the arom atic  carbon atom s; however, the 

s tru c tu re  also shows tha t the phosphorus atom does not lie within the inner c i r ­

cum ference of the arom atic  ring  as was suggested by R. A. Shaw (17) for th is 

compound as in shown in figure 4. TMs arrangem ent may allow some type of 

bonding in teraction  between the phosphorus and carbon atom s to take place; how­

ev er, the overlap  m odel fo r the bonding proposed by G riffin and Gordon (11) does 

not seem  to adequately describe  the bonding. In th e ir  overlap  model they a t t r i ­

bute the observed long-range coupling between the phosphorus nucleus and the 

m ethyl protons to overlap  between the vacant d-o rb ita ls  of the phosphorus and 

the arom atic  77-sy stem . • However, it is believed that the F e rm i contact te rm  

(23) is  the dominant te rm  in determ ining coupling in a liquid o r g as, and is a 

m easu re  of the probability  of the bonding p a ir  of e lec trons existing at both 

nuclei. Since d -o rb ita ls  have zero  probability  for e lec trons at the nucleus, they 

cannot contribute to the coupling; w hereas, s -o rb ita ls  do have a finite probabil­

ity at the nucleus and can contribute to coupling. T herefo re , if some type of 

bonding does ex ist between the phosphorus and the arom atic  77-sy s tem  which 

enhances long-range coupling, then it should involve some s -o rb ita l ch arac te r.

The tolyl groups w ere found to be approxim ately perpendicu lar to the 

p lanes of the P-S-C  bonds. The d ihedral.angles fo r the planes P ,S(1), C(I) and 

C (2), C (I), C (6 ); P, S(2), C (8 ) and C (9), C (8 ), C (13); and P,S(3), C (15) and 

C (16), C (15), C(20) a re  80.5, 78.5, and 70.4° respectively  and a re  shown in
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Figure 4.

G eom etrical rela tionsh ip  of the P-S-C  bonds 

showing the overlap of the van der W aals rad ii for 

the phosphorus and carbon atom s.
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F igure 5. The tolyl groups a re  p lanar within experim ental e r r o r  with the 

la rg e s t deviation 0.02 A from  p lanarity . The leas t squares equations fo r the 

planes of the tolyl groups a re  given in Table 8 . The su lfu rs a re  0.10, 0.11, and 

0.15 A from  the planes of the tolyl groups, indicating a bend in  the C-S bond.

The su lfu rs a re  bent out of the plane 3.8, 4.2, and 5.8° fo r 8(1), 8(2), and 8(3) 

respec tive ly . F igure  6 shows the d irec tion  of d isto rtion  in the C-S bond. This 

d is to rtion  of the bond would indicate that the sp 2 hybridization of the carbon atom 

may have been slightly a lte red  and the s -c h a ra c te r  of the bonding o rb ita ls  in ­

c reased .

The arom atic  C-C bonds a re  probably equivalent w ithin experim ental 

e r r o r  and range from  1.365-1.392 A and average 1.377 A which a re  norm al bond 

lengths fo r an arom atic  ring. The bond angles fo r the to lyl groups range from  

115.7-123.4° and average 120.0°. The bond angles a re  probably significantly 

d ifferent over th is range. The C(S)-C(4)-C (5), C (IO)-C ( I l ) -C (12), and C (17)- 

C (IS )-C (19) bonds appear to be the sm alles t angles in  the rings and are  located 

on the m ethyl end of the a rom atic  ring. The C-Me bonds a re  1.529, 1.544, and 

1.537 A fo r C(4)-C(7), C (Il)-C  (14), and C(IS)-C (21) respective ly  and are not 

significantly  different.

A s te reog raph ic  packing diagram  (13) fo r the c ry s ta l is  shown in  F igure 

7. It is  unlikbly that packing is  responsib le  fo r the effects d iscussed  here , since 

th e re  a re  no in te rm o lecu lar d istances le ss  than the sum of the van der Waals
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C(13)

C(20)

C ( 1 6 )

(c )

F igure 5.

a) D ihedral angles between planes 0(2), 0(1), 0(6) and P , 8(1), 0(1) loolung down 
the C (I)-S(I) bond,

b) p lanes 0(9), 0(8), 0(13) and P, 8(2), 0(8) looting down the C(S)-S(2) bond, and

c) planes 0(16), 0(15), 0(20) and P , 8(3), 0(15) looting down the C(15)-S(3) bond.
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' TABLE 8

Equations of L east Squares P lanes R eferred  to 
Orthogonal Axes fo r P(O) (SC gH q-p-M e)^

Atoms in  the plane A m n P(A) S(A2 )XlO4

C(l), 0(2), 0(3), 0(4), 
C(5), 0(6)

-0.4489 0.8237 -0.3463 7.267 1.48

0(1), 0(2), 0(3), 0(4), 
0(5), 0(6), 0(7) -0.4496 0.8268 -0.3380 7.23 9.33

0(8), 0(9), 0(10), 0(11), 
0(12), 0(13)

. 0.0362 0.3399 0.9397 1.026 1.07

0(8), 0(9), 0(10), 0(11), 
0(12), 0(13), 0(14) 0.0344 0.3391 0.9401 1 .0 1 2 1.45

0(15), 0(16), 0(17), 0(18), 
0(19), 0(20)

0.8856 0.4644 0.0023 1.329 1.60

0(15), 0(16), 0(17), 0(18), 
0(19), 0(20), 0(21) 0.8861 0.4635 0.0036 1.326 1.96

P -S (I)-C (I) 0.9559 0.2921 -0.03031 4.254 —

P-S(2)-C(8) -0.4124 0.7744 -0.4798 5.254 — —

P-S(S)-C (15) -0.1713 0.7725 0.6114 2.329 —

aX ^ x + z» cos j8 ; Y -  y ; Z = x* sin  {$ 

L 1S0 plane: j&X + mY + nZ -  P -  O

S = sum  of squares of deviations of atom s from  the plane.
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p la n e  o f  th e  t o l y l  r in g

Figure 6 .

D istortion  of the th ree  P -S  bonds in 
PO(SCGll4--p-M e )3 w here,

X =  I ,  Y = I ;  e = 3.8°

X = 2, Y = 8; e = 4.2°

X = 3, Y = 15; e = 5.8«.
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I

F igure 7.

StereograpM c packing diagram  of 

S, S, S - lri-p - to ly l phosphorotritM oate.



rad ii. The pertinen t van d e r W aals rad ii used a re  given by Bondi (8 ): P , 1.80; 

S, 1.80; double bonded O, 1.50; arom atic  C, 1.77; aliphatic C, 1.70; and

31

arom atic  H, 1.0 A.



SUMMARY AND CONCLUSIONS

The s tru c tu re  of 8 , 8 , S - tr i-p - to ly l phosphorotrith ioate provides facts 

which lead to a b e tte r understanding of the m echanism  fo r long range phosphorus- 

hydrogen coupling in  a rom atic  e s te rs  and th io e s te rs  of phosphorus (V).

The de ta ils  of the s tru c tu re  appear to support, in g en era l, the idea of a 

possib le overlap  between the phosphorus atom and the arom atic  ring as proposed 

by G riffin and Gordon for the benzyl phosphorus compound (11); however, the 

s tru c tu re  shows that the phosphorus does not lie  over the inner c ircum ference 

of the arom atic  ring as was proposed by G riffin and Gordon fo r the benzyl com ­

pound and by R„ A. Shaw fo r the 8 , 8 , S - tr i-p - to ly l phosphorotrith ioate compound 

(17).

A ccording to  the proposed overlap  m odel, the angle between phosphorus, 

the linldng atom , and the plane of the rr-electron  system  (P -X -C ), may well be 

c r itic a l to the value of With oxygen being the linldng heteroatom , as in

P(O) (OCgH^-p-Me)^, the P-X -C  angles a re  approxim ately 120° and ^Jp_H  is 

0.7 Hz in CCI4  (17). The P-S-C  angles in S» S, S - tri-p - to ly l phosphorotrith ioate, 

P(O) (SCgH^-p-Me)^, a re  102.3, 98.8, and 102.7° which may fac ilita te  a g re a te r  

overlap of the o rb ita ls  involved and, in consequence, the la rg e s t values to date, 

7 J p _ H, 2.0 Hz fo r P(O) (SCgHq-P-Me)S in CCU, are  obtained for compounds 

containing the P-S-C  system .



PART II

I ,  3, 2-Dioxaphosphorinanes



INTRODUCTION

The 2-oxo or th io -1 , 3 ,2-dioxaphosphorinanes, having lone substituents 

on the ring  carbon atom s as shown in F igure 8 (b) and (c), a re  of im portance in 

considering the effects of substituents on the conform ation of the ring, and 

those w ith a single substituent on the C (5). position a re  of in te re s t in providing 

inform ation about the p re fe rre d  orientation of the groups on the ring. S teric 

effects of the C (5) substituent can be com pared with those on the phosphorus 

atom.

Unsubstituted o r ''5 ,5-d isubstitu ted  2-oxo-1, 3 ,2-dioxaphosphorinanes, 

such as shown in F igure  8 (a), have been studied by n .m .r. (10), dipole m oment 

(14), and in a few cases X -ray  crystallography  (5). However, m olecules 

having lone substituents on the ring carbon atom s have only recen tly  been 

investigated  (15).

The use of n. m . r .  spectroscopy has been the m ost extensively used 

technique for these studies; however, n .m .r . does not p e rm it an unambiguous 

assignm ent of the s te reo ch em istry  at phosphorus. X -ray  crystallography  does 

lend itse lf to unambiguously determ ining the s te reochem istry .

The 2-oxo dr th io -1 , 3 ,2-dioxaphosphorinanes p re sen t a unique oppor­

tunity fo r studies of s ix -m em bered  ring  system s since, unlike many other 

compounds containing six -m em bered  rings, they tend to be c ry sta llin e  solids
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lending them selves to X -ray  crysta llog raph ic  studies.

Previously only one 2 -o x o -l, 3 ,2-dioxaphosphorinane with a lone su b sti­

tuent on the ring carbon atom s has been investigated using X -ray  c ry s ta llo ­

graphy (15), which is  shown in F igure 8 (b). This investigation continues that 

study and contributes th ree  additional c ry s ta l s tru c tu re s : I) 5-t~butyl-2- 

methoxy- 2 -o x o -1 , 3 , 2 -dioxaphosphorinane, 2 ) 5- t -butyl- 2 -phenyI- 2 -th io - 

I ,  3, 2-dioxaphosphorinane, and 3) 2, 5 - t-b u ty l-2 - th io - l, 3 ,2-dioxaphosphor­

inane, which a re  shown in F igure 8 (c),

F igure  8.

(a) Y = O, R ' = H, R2 = H, X = OH
Y = O, R ' = H, R2 = H, X = OPh
Y = O, R ' = Me, R2 = CHgBr, X = B r

(b) Y = O, R 1 = t -butyl, R2 = H, X = Me

(c) Y = O, R ' = H, R2 = t -butyl, X = OMe
Y = S, R ' = t -butyl, R 2 = H, X = Ph
Y = t - butyl, R ' = H , R2 = t -butyl, X = S



THE CRYSTAL AND MOLECULAR STRUCTURE OF 

5-t-BU TY L-2-M ETH O XY -2-O X O-l, 3, 2-DIOXAPHOSPHORINANE (CgPO^Hiy)

P rep ara tio n

The c ry s ta ls  w ere supplied by W esley G. Bentrude and w ere p repared  

as described  in  the li te ra tu re  (15).

The c ry s ta l used fo r X -ray  analysis was a co lo rle ss , tran sp aren t, 

parallelep iped  with approxim ate dim ensions 0.3 x 0.5 x 1.0 m m . This was 

sealed  in  a Lindem an g lass  capillary  to preven t loss by sublim ation.

Density

The density of the c ry s ta ls  was m easu red  by the flotation method, as 

described  in P a rt I, page 5. The calculated  density was based on four m ole­

cules p e r unit cell; Dexp = 1.25 g /c m 3 and DCalc = 1.277 g /c m 3 .

D eterm ination of ten tative cell dim ensions and space group

W eissenberg photographs of the X -ray  diffraction p a tte rn  fo r the c ry s ­

ta l C8 P Q jiiiy , indicated orthorhom bic sym m etry . The axis along which the 

c ry s ta l was mounted was designated as a. The tentative unit cell dim ensions 

w ere found.to be a = 6.13, b = 10.3, and c = 17.6 A in accordance with the con­

vention a > .b >  c. A unit cell of these dim ensions would req u ire  four m olecules 

to agree w ith its  m easured  density. The extinctions based on th is  cell w ere:
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hkA: no conditions 
McO: h ^ 2n 
0k4: k + i  7̂  2  n 
hOi.: no conditions 
IiO 0: Ii 7̂  2n 
OkO: k 2 n 
004: Sb £  2n.

These extinctions corresponded to e ith e r space group P n 2 ia  o r Pnma where 

the fo rm er is  a non-cen trosynnnetric  space group and the la tte r  is cen trosym - 

m etric . Solution of the s tru c tu re  showed the c o rre c t space group to be Pnma.

D eterm ination of accura te  unit cell dim ensions

The determ ination  of accurate  cell p a ram e te rs  was obtained by the sam e 

procedure described  in  P a rt I, page 6 . Twelve th ree-d im ensional reflections 

w ere selected  fo r which p rec ise  m easurem ents  of the +29 and -29 angles w ere 

m ade. The c ry s ta l data a re  lis ted  in Table 9.

. Data collection

Data w ere collected  on the G eneral E lec tric  XRD-5 D iffractom eter, 

equipped with a scin tilla tion  counter, pu lse-height d isc rim in a to r, and a G. E 0 

single c ry s ta l o rien te r, using 9-29 scan  technique and zirconium  filtered  

molybdenum K0, rad iation . The c ry sta l was mounted with the a axis p a ra lle l 

to the spindle axis. Each peak was scanned fo r 100 seconds and the back­

grounds on each side of the peak w ere counted fo r 50 seconds. The scan ra te  

was 2° per m inute w ith a takeoff angle of 4°.
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TABLE 9 

C rystal Data

5 -t-B u ty l-2 -M ethoxy-2-O xo-l, 3, 2-Dioxaphqsphorinane 

C8 P04H i7 F .W . 208.19 F(OOO) 448

O rthorhom bic, space group Pnm a

a = 6.123(4) QL = 90°

b = 10.02(1) P = 90°

c = 17.65(1) y  = 90°

Volume of the unit cell = 
1083. A3

Dexp -
1.25 g /c m 3

M olecules /u n it cell = 
4

Dcalc =
1.277 g /cm d
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In tensities of 1008 unique reflec tions w ere m easured  of which 585 w ere 

considered observed, using the c rite rio n  1 ^ 2  a (I). T hree s tandard  reflections 

(114, 121, and 131 reflec tions) w ere checked approxim ately every  four hours 

during data collection and rem ained  constant with an average deviation of 1.4%, 

indicating no d e te rio ra tio n  of the c ry s ta l.

S tructure fac to rs  (F0) w ere calculated  from  the in tensities  by applying 

the usual L oren tz-po lariza tion  co rrec tion , weights w ere calculated  from  stand­

ard  deviations as w as described  in P a rt I, page 7.

No absorption o r extinction co rrec tio n s  w ere m ade. The lin ea r abso rp ­

tion  coefficient of CgPC^H17  fo r MoK0, rad ia tion  (X = 0.71069 A) is jLt = 2.41 cm - "1- 

The tran sm iss io n  fac to rs  for X -rays passing  through the m axim um  and m in i­

mum dim ensions of the c ry s ta l a re  approxim ately 0.73 and 0.93 respectively ; 

th is  range corresponds to  approxim ately 1 2 % varia tion  about a m ean intensity  

value. Scattering fac to rs  fo r the non-hydrogen atom s and anomalous sca tte rin g  

co rrec tions (&P and A f"), fo r phosphorus w ere taken from  the International 

Tables (12). Scattering fac to rs  for hydrogen w ere taken from  Steward, et. a l .

p o x

Structure determ ination

The space group was initially  thought to  be the non-cen trosym m etric  

space group Pn2pa, since th e re  w ere four m olecules p e r unit cell and Pn2%a
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has four general positions, which would indicate that each m olecule would have 

to contain a sym m etry  elem ent. Since th e re  was no apparent sym m etry  e le ­

ment contained in the m olecule, the cen tre  sym m etric  t-pace group Pn2pa was 

used to solve the s tru c tu re ;

The positions of the phosphorus atom s w ere found from  the P atterson  

synthesis (2 ) 0 Using the phosphorus atom  positio n s , the s tru c tu re  factor calcu­

lation (I) gave an R -index of 0.55, (R =23 IF 0 - F c |/2 3  | F 0 | )„ A F o u rie r m a p '(2) 

revealed  the position  of an oxygen and a s tru c tu re  fac to r calculation gave an 

R-index of 0.50. A subsequent F o u rie r synthesis revealed  peaks fo r the r e ­

maining non-hydrogen atom s, plus, an additional peak. T here  w ere two peaks 

of equal in tensity  at the righ t d istance from  the methoxy oxygen to be bonded to 

it. The in tensities  w ere about one half tha t of the other carbons. This sug­

gested  that the methoxy carbon atom was d iso rd ered  and to  be found in one 

position or the o ther about 50% of the tim e.

Refinem ent

Refinem ent was begun using the block diagonal approxim ation to the le as t 

squares, m ethod (I) and phasing one half a methoxy carbon in each of the pos­

sible positions suggested by the F o u rie r map. Calculation of bond lengths 

revealed  that the bonds w ere long on one side of the ring and sho rt on the o ther. . 

The atoms on a line through the cen ter of the m olecule, including the P (2),
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0(13), 0(14), 0(5), 0(7), and C (10), appeared to be s Mfted along the b axis. 

TMs was suggestive of some re s tr ic tio n  im posed by the space group wMch 

prohibit atom s being located along the line bisecting the ring. Upon exam ina­

tion  of the m olecule, it was evident that the m olecule could be p laced on a m ir ­

r o r  plane with the methoxy carbon atom located on e ith e r side of the m ir ro r  

50% of the tim e. P lacing the m olecule on the m ir ro r  plane allows it to be 

placed in a unit ce ll of sym m etry  Pnm a ra th e r than the non-cen trosym m etric  

space group P n2ia .

F u rth e r refinem ent of the non-hydrogen atom s in space group Pnma 

along with anisotropic tem p era tu re  fac to rs  was c a rrie d  out using the full m a trix  

le a s t squares (9). An R of 0.086 and Rwtd °£ 0.083 w ere obtained, where 

Rwtd -  [Z](Jw|F o - F c D^/Z) (Vw !f 0 |)2 ] 2 and the function m im m ized during le as t 

squares refinem ent was Z /w ( |F 0 | - l / k  |F c  | )2 .

A difference F o u rie r  map was then calculated to location hydrogen atom 

positions, in  which the quantities | F 0- F c | w ere  used as coefficients of F o u rie r 

te rm s . The m ap showed that many of the hydrogens w ere apparently  d is ­

o rdered  and could not be unambiguously reso lved . TMs is  probably the re su lt 

of the d iso rd ered  methoxy group p resen ting  a number of d ifferen t possible 

environm ents and s te r ic  requ irem en ts  about any p a rticu la r m olecule.

One hydrogen on each m ethyl carbon was found to re fine  with reasonable 

bond length, tem p era tu re  fac to r, and bond angle with re fe ren ce  to the carbon
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skeleton. Using the refinable  hydrogen fo r a re fe ren ce , positions of the r e ­

m aining m ethyl hydrogens w ere calculated. Positions for the m ethylene hydro­

gens w ere also  calculated . Iso tropic tem p era tu re  fac to rs  assigned to the 

hydrogens w ere those of the carbon atom to  which they w ere bonded, plus 0.5; 

bond lengths w ere assigned as 1.00 A. Refinem ent was then continued including 

the calculated  hydrogen positions and assigned tem p era tu re  fac to rs , which w ere 

not allowed to vary .

Refinem ent was" continued until the p a ram ete r sh ifts fo r the non-hydrogen 

atom s w ere le s s  than half th e ir  calculated  standard  deviations. The final R - 

index is  0.059 and RwtfJ.equals 0,060. The observed and calculated  s tru c tu re  

fac to rs  a re  lis ted  in Table 10. The positional p a ram ete rs  of the non-hydrogen 

atom s a re  lis ted  in Table 11, the th e rm a l p a ram e te rs  fo r the non-hydrogen 

atom s a re  lis ted  in Table 12, and the calculated  hydrogen atom  p a ram ete rs  a re  

lis ted  in Table 13.

D iscussion of the s tru c tu re

The m olecule of 5- t -bu ty l-2 -m ethoxy-2 -oxo -l, 3 ,2-dioxaphosphorinane 

with its  th e rm al ellipso ids is  shown in  F igure  9. The bond lengths are  lis ted  

in  Table 14 and the bond angles in Table 15. D iagram s of the bond lengths and 

bond angles a re  shown in F igure 10.

The m olecules lie on a crysta llog raph ic  m ir ro r  plane w ith the P (2),
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TABLE 11

Positional p a ram ete rs , of non-hydrogen atom s in 

_5~t~butyl-2-m ethoxy-2-oxo-l, 3 ,2-dioxaphosphorinane.

Atom x /a  •

P(2) 0.0333 (4)a
O(I) -0.0519(7)
0(3) -0.0519(7)
0(13) . -0.1027(10)
0(14) 0.2676(10)

0(4) -0.2771(10)
0(5) '' -0.3285(14)
0(6) ■ -0.2771(10)
0(7) -0.2444(15)
0(8) -0.3308(13)

0(9) -0.3308(13)
0(10) 0.0040(17)
C(H) -0.0850(30)
0(12) -0.0850(30)

y /b z /c

0.2500(0) 0.0925(1)
0.3744(4) 0.0474(2)
0.1256(4) 0.0474(2)
0.2500(0) 0.1676(3)
0.2500(0) 0.1010(4)

0.1268(6) 0.0207(4)
0.2500(0) -0.0253(5)
0.3732(6) 0.0207(4)
0.2500(0) -0.1076(6)
0.3738(7) -0.1513(4)

0.1262(7) -0.1513(4)
0.2500(0) -0.1143 (5)
0.3519(14) 0.2234(7)
0.1481(14) 0.2234(7)

aThe num ber in  paren theses is  the standard  deviation and 
re fe rs  to  the le a s t significant d ig its .
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TABLE 12

T herm al p a ra m e te rs  of non-hydrogen, atom s in

5 - t  -  butyl -2 -m ethqxy -2 -oxo - 1, 3 ,2  -dioxaphosphorinane.

Atom $ l i a ’k 022 033 012 013 023

P(2) 225 (7)c 94(3) 23(1) 0(0) 10(2) 0(0)
O(I) 280(11) 51(3) 29(1) -2(5) -3(3) 1(1)
0(3) 280(11) 51(3) 29(1). 2(5) -3(3) -1(1)
0(13) 280(19) ■ ■ 124(7) 25(2) 0(0) 27(5) 0(0)
0(14) ' 208(17) 185(8) 37(2) 0(0) -12(5) 0(0)

0(4) 262(19) . 83(7) 32(2) -38(9) -5(5) 12(3)
0(5) 144(21) . 114(10) 31(3) 0(0) 11(7) 0(0)
0(6) 262(19) 83(7) 32(2) 38(9) -5(5) . -12(3)
C(7) 245(25) 99(10) 37(4) 0(0) -19(8) ' 0(0)
0(8) 501(25) 117(8) 42(2) -3(13) -28(7) 14(4)

0(9) 501(25) 117(8) 42(2) 3(13) -28(7) -14(4)
0(10) 369(36) 209(14) 28(3) 0(0) 46(9) 0(0)
0(11) 749(64) 127(15) 31(4) 15(29) 61(15) -21(7)
0(12) 749(64) 127(15) 31(4) -15(29) 61(15) 21(7)

aThe jSjjtg have been m ultiplied by 10^.

^The expression  fo r the anisotropic th e rm al p a ram ete rs  is  of the form :

cThe num ber in paren theses is  the standard  deviation and re fe rs  to the 
leas t significant d ig its.
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TABLE 13

Calculated hydrogen positional p a ra m e te rs  and 

assigned  th e rm al p a ra m e te rs  in 

5- t -bu ty l-2 -m ethoxy-2 -oxo-1 , 3, 2-dioxaphosphorinane.

Atom x/a' . y /b z /c Biso

H(I) -0.268 0.468 -0.009 ' 4.3

H (2) .-0 .391 0.406 0.057 ' 4.3

H (3) -0.503 0.250 -0.030 4.0

H (4) -0^266 0.380 -0.207 6.4

H (5) -0.292 0.457 -0.121 6.4 ■

H (6) -0.496 0.368 -0.153 6.4

H(7) 0.065 0.349 . -0.094 5.8 .

H (8) 0.050 . 0.250 -0.168 5.8

H(9) -0.099 0.306 0.267 5.6

H(IO) -0.193 0.424. 0.216 5.6

H (Il) 0.069 0.394 0.220 5.6
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Figure 9.

M olecular s tru c tu re  of

Disordered 
methoxy group

5 -t-b u ty l-2 -m ethoxy-2 -oxo -l, 3 , 2-dioxaphosphorinane 

illu stra ting  the therm al e llipsoids.
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TABLE 14 

Bond d istances in

5 -t-b u ty l-2 -m eth o x y -2 -o x o -l, 3 ,2-dioxaphosphorinane.

Bond d is tan ce , A Bond distance, A

P(Z)-O(I) 1.568(4)a C(4)-C(5) 1.510(8)

P(Z)-O(S) ' 1.568(4) C(S)-C(G) 1.510(8)

P (2)-O (13) 1.567(6) C(5)-C(7) 1.542(13)

P(2)-0(14) 1.443(6) C(?)-C (8) 1.553(9)

O(I)-C(G) 1.457(7) C (T)-C (9) 1.553(9)

O(S)-C (4) 1.457(7) C (7)-C (10) 1.525(14)

O(IS)-C (11) 1.422(14)

aThe num ber in paren theses is  the standard  deviation and re fe rs , 
to the le a s t significant digits.
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TABLE 15 

Bond angles in

5-t-butyl-2-methoxy-2-TOxo-l, 3 ,2-dioxaphosphorinane.

Atoms angle, degrees Atoms angle, degrees

0 (l)-P (2 )-0 (3 ) 105.3 (2)a C (4)-C(5)-C(6) 109.6(6)

0(1)-P (2)-0(13) 104.6(3) ' C(4)-C(5)-C(7) 115.9(6)

0(1)-P (2)-0(14) .112.6(3) C(6)-C(5)-C(7) 115.9(6)

0(3)-P (2)-0(13) 104.6(3) O(I)-C(G)-C(S) 112.2(5)

0(3)-P (2)-0(14) 112.6(3) C (S)-C(Z)-C (8) HO.Z (6)

O (IS)-P  (2)-O (14) 116.1(3) C (S)-C (Z)-C (9) H O .Z (6)

P (2)-0(l)-C (6) 118.2(4) C(S)-C (Z)-C(IO) 114.0(6)

P(2)-0(3)-C  (4) 118.2(4) C(S)-C(Z)-C (9) 106.0(6)

P(2)-0(13)-C  (H) 123.1(7) C(S)-C(Z)-C(IO) 10Z.5 (6)

0(3)-C(4)-C(5). 112.2(5) C (9)-C (Z)-C (10) 10Z.5(6)

aThe num ber in paren theses is  the standard  deviation and re fe rs  to the leas t 
significant d igits.
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1.510181
^ 1.5251181̂ 1.582(131̂ /0 -----(a)—-(o f

1.553191 ] 5)0(81

( 6  ^

1.457(7)

1.457(7)

1T  i »-«
V

1.368(81 1.883(61

_(M^ %

01-P2-018 112,6(31 O-C7-C10 118.0161
02 -P2 - 013 108.6(31 C8-C7-C9 106.0(61

Figure 10.

Bond d istances and bond angles of 

5 -t-b u ty l-2 -m cth o x y -2 -o x o -l, 3 , 2-dioxaphosphorinane.
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0(13), 0(14), 0(5), 0(7), and 0(8) atom s located on the m ir ro r  in the special 

positions y = 1 /4  and 3 /4 . The methoxy carbon 0(11), is  found on e ith e r side 

of the m ir ro r  50% of the tim e. The m ir ro r  req u ire s  that the bond lengths and 

bond angles a re  equal a c ro ss  the m ir ro r  plane.

The ring is  a d is to rted  chair with the t -butyl and methoxy groups tran s  

to each other in axial positions. D ihedral angles between the ring  plane 0(1), 

0(3), 0(4), 0(6), and planes 0(1), P (2), 0(3), and 0(4), 0(5), 0(6), a re  37.9 

and 49.9° respective ly .' The angles show a flattening of the ring  as com pared 

with 60° for an ideal ch air . The equations of the planes a re  lis ted  in Table 16. 

The to rsional angles around the bonds of the ring a re  given in Table 17. The 

to rsiona l angle about a bond is  the d ihedral angle between the planes defined by 

the two atom s involved in the bond plus the adjacent atom bonded on e ith e r end 

of the bond; e .g . , the to rs io n a l angle about the P (2 )-0 (l) bond is  the dihedral 

angle between the planes 0(3), P (2), 0(1) and P(2), 0(1), 0(6). These values 

show that the flattening of the ring is m ostly on the phosphate end, with all 

other to rs io n a l angles near those expected fo r an ideal ch air . More is  said 

about the ring  conform ation la te r  in the section  com paring the I ,  3 ,2-dioxa- 

phosphorinanes on page 100.

P-O  bond d istances a re  1.568 fo r the ring  bonds. P (2 )-0 (l)  or P(2)- 

0(3), and 1.567 A fo r the phosphorus to methoxy bond, P(2)-0(13), and m ust be 

considered equal. The P=O bond of 1.44 A is  norm al fo r te r t ia ry  organo-
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TABLE 16

• Equations o f.p lanes for

5 -t-butyl-^2 -m ethoxy-2 -ox o -1 ,3 , 2-dioxaphospIiorinanea

Atom s in  plane I m n d

0(1), 0(3), 0(4), 0(6) -0.323 . 0.000 0.946 0.894

P(2), 0(1), 0(3) -0.836 0.000 0.548 0.725

0(4), 0(5), 0(6) -0.932 0.000 0.362 1.714

aEquations of the plane: h i  + my + nz -  d -  0„0
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TABLE 17

T orsional angles in  the ring  fo r 

5 - t -bu ty l-2 -m ethoxy-2 -oxo-1 , 3 ,2  -clioxaphosphorinane „

Bond T orsiona l angle, degrees

P (2 )-0 (l) 44.1

O(I)-C(G) 53.4

C(G)-C(S) 55.7

C (S)-C (4) 55.7

C(4)-0(3) 53.4

0(3)-P(2) 44.1
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phosphate e s te rs .  Bonding around the phosphorus form s a slightly  d isto rted  

te trah ed ro n  with angles ranging from  104.6 to 116.1°. The sum  of the P-O  

bonds and the P=rO bond is  6.15; m ost o rgano-phosphate e s te r s  have sum s 

between 6.13 and 6.23 A.

C-O bond d istances in  the ring  of 1.46 a re  norm al values fo r phosphate 

e s te rs .  The C-O bond of the methoxy group is  somewhat sh o rte r , 1,42 A, than 

those in the ring. This d istance is  of the o rd e r of 3-4 s tandard  deviations and 

may be significant. P-O -C  bonds in the ring  a re  118°. The P-O -C  bond angle 

fo r the methoxy group is  123° which is  la rg e r  than the usual 120°, probably 

because of s te r ic  repu lsions between the m ethyl and 0(14) and 0(1) or 0(3).

C-C bonds in  the ring  a re  1.51 A and the C-C bonds in  the t-bu ty l group 

range from  1.53 to 1.55 A. The C(4)-C(5)-C(6) bond angle in the ring  is  109.6°, 

a nearly  p e rfec t te tra h ed ra l angle. The C-C-C  bond angles of the t-buty l group 

range from  106.0 to  114.0°; the la rg e s t angle C(5)-C(7)-C (10) is  probably due 

to  s te r ic  repu lsions of the C(IO) m ethyl w ith 0(1), 0(3), and 0(14).

The d iso rd e red  methoxy group, C (Il)  o r C (12), is  shown in a Newman 

pro jec tion  along the P (2)-O (14) bond in  F igure  I l (a) and (b). The m ethyl is 

staggered  and 6.7° c lo se r to the 0(14) atom  than the ring  oxygen. This ag rees 

c losely  w ith the values found fo r the 2 -oxo-2-phenoxy-l, 3 , 2-dioxaphosphor- 

inane s tru c tu re  shown in  F igure  11(c).

The packing d iagram  for the c ry s ta l is shown in the s tereograph ic
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0 ( 3 ) 0 ( 3 )

c(12)1 1 0 . 6 1 2 4 . 7110.6
0 ( 1 3 )

0 ( 1 4 )0 ( 1 4 )1 2 4 . 7

C ( I l )

0(13)

F igure 11.

Newman pro jections looking down the P(2)-0(13) bond for; 

(a) and (b) the two possib le configurations for 

5 -t-b u ty l-2 -m eth o x y -2 -o x o -l, 3 , 2-dioxaphosphorinane and 

(c) 2 -oxo-2-phenoxy-l, 3 , 2-dioxaphosphorinane.
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diagram , in  F igure  12. Packing conditions a re  not likely to be an im portant 

fac to r in the conform ation of the m olecule since th e re  a re  no in term olecu lar 

d istances le ss  than the sum  of the van d e r W aals rad ii. Values of the van d e r 

W aals rad ii w ere obtained from  Bondi (8 ), and the pertinen t rad ii used w e re : 

P , 1.80; 0 , 1.52; C j 1.70; and Hj . 1.20 A0
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Figure 12.

S tereographic packing diagram  of 

5 -t-b u ty l-2 -m eth o x y -2 -o x o -l, 3, 2-dioxaphosphorinane 

with both the d iso rdered  methoxy carbon atom s drawn.



THE CRYSTAL AND MOLECULAR STRUCTURE OF 

5-t-B U T Y L -2-PH E N Y L -2-T H IO -l, 3, 2-DIOXAPHOSPHORINANE (C1 3 PSO2 Hig)

P rep a ra tio n

The c ry s ta ls  w ere supplied by W esley G. Bentrude and w ere la rge , 

co lo rle ss , tra n sp a ren t, and needle-shaped in  appearance.

The dim ensions of the c ry s ta l used for X -ray  analysis w ere approxim at­

ely 0.2 x 0.3 x  0.4 m m .

Density

The density of the c ry s ta ls  was m easu red  by the flo tation method as 

d escribed  in P a r t I, page 5. The calcu lated  density was based  on four m o le­

cules p e r  unit cell: Dexp = 1.277 g /c m 3 and Dca ĉ = 1.275 g /c m 3.

D eterm ination  of ten tative cell dim ensions and space group

W eissenberg  photographs of the X -ray  diffraction p a tte rn  fo r the c ry s ta l 

C i3 PSO2 H13, indicated m onoclinic sym m etry . The axis along which the c ry s ­

ta l  was mounted was designated as a. The ten tative unit ce ll dim ensions w ere 

found to be a = 11.30, b = 6.17, and c = 21.17 A. A unit cell of these  dim ensions 

would req u ire  four m olecules to agree with its  m easured  density . The extinc­

tions based on th is  cell w ere:
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hie A: no conditions 
IiOi.: i  ^ 2n 
OkO: k ^ 2n.

These extinctions correspond  to  the space group P2]_/c with the b axis unique. 

However, P 2 i /n  was found to  be the space group.w ith the sm alles t angle.

D eterm ination of accura te  unit cell dim ensions

The determ ination  of accura te  ce ll p a ra m e te rs  was obtained by the sam e 

procedure  used in P a rt I, page 6 , Twenty-one th ree-d im ensional reflections 

w ere selec ted  fo r which p rec ise  m easurem ents  of the +29 and - 2 0  angles w ere 

m ade. The c ry s ta l data a re  lis ted  in Table 18.

D ata collection

Data w ere collected  on the G eneral E lec tric  XRD-5 D iffractom eter 

equipped with a scin tilla tion  counter, pu lse-height d isc rim in a to r, and G. E. 

single c ry s ta l o rien te r, using 9-29 scan  technique and zirconium  filte red  m oly­

bdenum Kq/ rad iation . The c ry s ta l was mounted w ith the a axis p a ra lle l to the 

spindle axis. Each peak was scanned for 60 seconds and the backgrounds on 

each side of the peak w ere counted for 1 0  seconds and la te r  m ultiplied by th ree  

to  speed data collection. A chart record ing  of peak in tensity  vs_. 29 was 

m onitored during the data collection as a check on the centering  of the peak in 

the scan  range and fo r general appearance of the peak and backgrounds. The 

scan  ra te  was 2° p e r m inute with a takeoff angle of 4°.
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Table 18 

C rystal Data

5 -t-b u ty l-2 -p h en y l-2 - th io -l, 3, 2 -d ioxaphosphorinane 

C1 3 PSOBHig- F„W„ 270.31 F(OOO) = 572 

M onoclinic, Space Group P g l/n

a= - 6.150(2) Cf. = 90°

b = 11.036(3) ■ = 95.17(2)

c = 20.823(5) X Il to O O

Volume of the unit ce ll = 1408. 

M olecules/unit ce ll = 4 

. Dexp = 1.277 g /c m 3 

• Dcalc = 1-275 g /c m 3
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In tensities of 1842 unique re flec tions w ere m easu red  of which 1259 w ere 

considered  observed , using the c rite rio n  15=2 0 (1). T hree  s tandard  reflec tions 

(the 116, 132, and 115 reflections) w ere checked approxim ately every hour 

during data collection and rem ained  constant with an average deviation of 1 .6 %, 

indicating no de te rio ra tio n  of the c ry s ta l.

S tructure  fac to rs , (F0), w ere calculated  from  the in tensities  by applying 

the usual L o ren tz-po lariza tion  co rrec tion , weights w ere calcu lated  from  stan ­

dard  deviations as was described  in P a r t  I, page 7.

No absorption o r extinction co rrec tio n s  w ere m ade. The lin ea r abso rp ­

tion  coefficient of C^gPSC^Hig fo r MoKa  rad ia tion  (X = 0.71069 A) is  jU = 3.29 

Cm- "*". The tran sm iss io n  fac to rs  for X -ray s  passing  through the m axim um  and 

m inim um .dim ensions of the c ry s ta l a re  approxim ately 0.83' and 0.93 re sp e c ti­

vely; th is  range corresponds to  approxim ately 6% varia tion  about a mean in ten­

sity  value. Scattering fac to rs  fo r the non-hydrogen atom s and anomalous 

sca tte rin g  co rrec tio n s  (A f and A f") for phosphorus and su lfu r w ere taken from  

the  In ternational Tables (12). Scattering fac to rs  fo r hydrogen w ere taken from  

Stew ard, e t. a l. (20).

S tructure  determ ination

The s tru c tu re  was solved in the space group P2]_/n. The positions of 

the  phosphorus and su lfur atom s w ere found using the P a tte rso n  synthesis (2).
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Using the phosphorus and su lfu r atom positions, the s tru c tu re  fac to r calculation 

(9) gave an R -index of 0.45. A F o u rie r  m ap (2) revealed  the positions of the 

rem aining non-hydrogen atom s.

Refinem ent

Refinem ent was begun using the full m a trix  le a s t sq u ares  method of 

refinem ent (9) w ith the R -index equal to 0.26 fo r the non-hydrogen s tru c tu re  

along w ith iso trop ic  tem p era tu re  fac to rs  and a unit weighting schem e. A fter 

th re e  cycles of refinem ent, the R -index dropped to 0.098. The tem p era tu re  

fac to rs  w ere then converted to an iso tropic and the weighting schem e to that of 

Stout and Jensen . In th ree  cycles the R -index dropped to 0.081 with a weighted 

R -index, (Rw^d), of 0.089.

A difference F o u rie r m ap (2) was then calculated  to  locate hydrogen 

atom  positions. T h irteen  of the n ineteen hydrogens w ere located from  the m ap 

and the s tru c tu re  refined  to an R -  0.039 and Rwt^ = 0-034. A subsequent d if­

fe rence  F o u rie r  m ap was calculated  and the rem aining hydrogens w ere located.

Refinem ent of the com plete s tru c tu re  was then continued until the shifts 

in the p a ra m e te rs  w ere le s s  than one half of th e ir  s tandard  deviations. The 

final refinem ent gave an R of 0.036 and Rw^  °£ 0.031. The observed and calcu ­

la ted  s tru c tu re  fac to rs  a re  lis ted  in Table 19. The positional p a ram ete rs  of the 

non-hydrogen atom s a re  lis ted  in  Table 20, the therm al p a ra m e te rs  for the
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TABLE 20

Positional p a ram e te rs  of non-hydrogen atom s in 

5 -t-b u ty l-2 -p h en y l-2 - th io -l, 3, 2-dioxaphosphorinane.

Atom x /a .y /b z /c

S (17) 0.1624(2)a 0.0733(1) 0.1378(1)
P(2) -0.0519(2) 0.1819(1) 0.0984(1)
O(I) -0.2672(3) 0.1156(2) 0.0707(1)
0(3) 0.0341(3) 0.2511(2) 0.0388(1)
0(4) -0.1275(6) 0.3098(4) -0.0059(2)

0(5) -0.3012(6) ; 0.2222(3) -0.0325(2)
0(6) -0.4193(6) 0.1751(4) 0.0227(2)
0(7) -0.4550(6) 0.2758(3) -0.0883(2)
0(8) -0.6460(8) 0.1883(2) -0.1051(2)
0(9) -0.5479(10) 0.3990(4) -0.0708(3)

0(10) -0.3285(9) 0.2894(5) -0.1480(2)
C (Il) -0.1353(5) 0.2979(3) 0.1518(2)
0(12) -0.3329(6) 0.2896(4) 0.1788(2)
0(13) -0.3868(7) 0.3752(4) 0.2235(2)
0(14) -0.2452(9) 0.4666(5) 0.2412(2)

0(15) -0.0482(8) 0.4760(4) 0.2149(2)
0(16) ' 0.0035(7) 0.3917(4) 0.1701(2)

aThe num ber in  paren theses is the standard  deviation and
re fe rs  to the le a s t significant d ig its .
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non-hydrogen atom s a re  lis ted  in  Table 21, and the hydrogen atom p a ram ete rs  

a re  lis ted  in  Table 22.

D iscussion  of the s tru c tu re

The m olecule of 5 -t-b u ty l-2 -p h en y l-2 ~ th io -l, 3 ,2-dioxaphosphorinane 

w ith its  th e rm a l ellipso ids (13) is  shown in F igure  13. The bond lengths a re  . 

lis te d  in  Table 23 and bond angles in  Table 24. D iagram s of the m olecule 

showing bond lengths and angles a re  shown in F igure 14.

All atom s in the m olecule lie  in general positions. The ring  is a d is ­

to rted  ch a ir with the t-bu ty l and phenyl groups cis to each  o ther on the ring. 

The t-bu ty l is  equato ria l and the phenyl axial. The d ihedral angles between the 

b est le a s t squ ares  plane through the 0(1), 0(3), C (4), 0(6) plane and the planes 

0(1), P (2), 0(3) and 0(4), 0(5), 0(6) a re  49.5 and 30.5° respec tive ly , as com ­

p ared  to  60° fo r an ideal ch air . The equations of the planes a re  lis ted  in Table 

25. The to rs io n a l angles fo r the ring  bonds a re  given in Table 26. Both the d i­

h ed ra l and to rs io n a l angles show that m ost of the ring d is to rtio n  is  on the phos­

phate end of the ring . The aliphatic end of the ring has to rs io n a l angles near 

those norm ally occurring  in  six -m em bered  rings. More is  said  about the con­

form ation  la te r  in the section  com paring the 1 ,3 ,2-dioxaphosphorinanes on 

page 1 0 0 .

The m ir ro r  sym m etry  of the m olecule is  broken by the phenyl ring. The
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TABLE 21

T herm al p a ra m e te rs  of non-hydrogen atom s in

5 - t  -butyl -2 -phe nyI -2 - th io -1 , 3 ,2-dioxaphosphorinane.

Atom jSna ’ b 022 033 012 013 023

S (17) ■291(4)° 97(1) 31(1) 51(2) 2(1) 1 1 (1 )
P(2) 208(3) 73(1) 20(1) 8(2) 9(1) 5(1)
O(I) 237 (8) 70(2) 22(1) -15(3) 5(2) 7(1)
0(3) 198(7) 90(3) 20(1) 2(3) 13(2) 8(1)
0(4) 240(13) 78(4) 22(1) -1(7) 19(3) 9(2)

0(5) 255(12) 56(4) 19(1) 13(6) 18(3) -2(2)
0(6) 222(12) 80(4) 24(1) -15(7) . 4(3) 4(2)
0(7) 290(13) 73(4) 17(1) 22(6) . 6(3) -2(2)
0(8) 396(19) 119(6) 24(1) -4(9) -29(4) -9(3)
0(9) 409(20) 87(5) 26(2) 53(9) -13(5) -1(2)

0 (1 0 ) 485(23) 131(7) 23(1) 1 1 (1 1 ) 14(4) 8(3)
0(11) 198(12) . 76(4) 17(1) 13(6) . 2(3) 8(2)
0(12) ' 244(14) 89(5) 21(1) . -8(7) 6(3) 3(2)
0(13) 301(16) 130(5) 20(1) 28(8) 18(4) 3(2)
0(14) 498(21) 113 (6 ) 15(1) 59(9) 5(4) . -3(2)

0(15) 452(19) 96(5) 24(1) -28(8) 1(4) -7(2)
0(16) 247 (15) 97(5) 23(1) -6(7) 9(4) 5(2)

aThe /3pjts have been m ultiplied by IO^.

^The expression  for the an iso tropic .therm al p a ram e te rs  is  of the form  

exp (-/Siih2-/S22k2-633 -&2-jSl2hk-Sl3h£-/S23lc^)„

cThe. num ber in  paren theses is  the standard  deviation and re fe rs  to the 
le a s t significant d ig its.



67

, TABLE 22

Hydrogen atom p a ram e te rs  in 

5 -t-b u ty l-2 -p h e n y l- l- th io - l, 3 ,2-dioxaphosphorinane.

Atom x /a y /b z /c Biso

H(I) -0.192 (4)a ' 0;377(2) 0.016(1) 2.6(6)
H (2) -0.047(4) 0.344(2) -0.036(1) 3.0(6)
H (3) -0.228(3) 0.153(2) -0.048(1) 1.9(5)
H (4) -0.498(4) 0.241(2) 0.042(1) 3.6(7)
H (5) -0.517(4) 0.107(3) 0 .1 1 2 (1 ) 5.0(7)

H(6) -0.719(4) 0.215(3) -0.142(1) 4.8(7)
H(7) -0.589(5) 0.104(3) -0.116(2) 8.4(1.0)
H(8) -0.749(5) 0.180(3) -0.067(2) 8.3 (1.0)
H(9) -0.644(5) 0.425(3) -0.103 0 6.2(8)
H(IO) -0.433(5) 0.456(3) -0.069(1) 5.3(8)

H (Il) -0.622(4) 0.394(3) -0.032(1) 4.8(7)
H (12) -0.418(5) 0.330(3) -0.184(2) 7.0(9)
H(IS)' -0.217(5) 0.346(3) -0.139(1) 5.0(7)
H (14) -0.283(5) 0.202(3) -0.163(2) 8.4(1.0)
H (15) -0.420(4) 0.224(2) 0.168(1) 1.9(5)

H (16) -0.531(4) . 0.371(3) 0.243 (I) 5.9(8)
H (17) -0.275(4) 0.529(2) 0.272(1) 5.2(8)
H (18) 0.048(5) 0.543(3) 0.227 (2) 7.7(9)
H(19) 0.136(4) 0.394(2) 0.155(1) 3.5(6)

aThe num ber in  paren theses is  the standard  deviation and
re fe rs  to the le a s t significant dig its.
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Figure 13.

M olecular s tru c tu re  of

5 -t-b u ty l-2 -p h en y l-2 -th io -l, 3 , 2-dioxaphosphorinane 

illu s tra tin g  the th e rm al e llipso ids.
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TABLE 23

Bond d istances for

5- t -b u ty l-2 -pheny l-2 - th io - l ,  3 , 2 -dioxaphosphorinane.

Atoms distance , A Atoms distance, A

P(2)-S (17) L 9 1 1 (l)a C(4)-H(2) 0.92(2)
P(Z)-O(I) 1.576(2) C(5)-H(3) 0.96(2)
P(Z)-O(S) 1.587(2) C (6 )-H (4) 0.97(3)
P(Z )-C (Il) 1.801(3) C(G)-H(S) 0.98(3)
O(I)-C(G) 1.462(4) C(S)-H(G) 0.91(3)
O(S)-C (4) 1.452(4) C (8)-H(7) 1.03(4)

C(4)-C(5) 1.508(5) C (8 )-H (8 ) 1.07(3)
C(S)-C(G) 1.507(5) C(9)-H(9) 0.91(3)
C (S)-C (7) 1.547 (5) C (9)-H(10) 0.94(3)
C(F)-C(G) 1.537(6) C(O)-H(Il) 0.96(3)
C(T)-C (9) 1.531(6) C (10)-H(12) 1.00(3)
C(T)-C (10) 1.532(6) . C(IO)-H(IS) 0.93(3)

C (Il)-C  (12) 1.386(5). C(IO)-H(M) 1.06(4)
C(Il)-C(IG) 1.374(5) C(12)-H(15) 0.92(2)
C (12)-C (13) 1.386(6) C (13)-H (16) 1.01(3)
C (13)-C (14) 1.362(7) C (M)-H(IT) 0.96(3)
C(14)-C(15) 1.374(6) C (15)-H(18) 0.97(3)
C (4)-H(l) 0.98(2) C(IG)-H (19) 0.90(2)

aThe num ber in paren theses is  the s tandard  deviation and re fe rs
to the le a s t significant d igits.



TABLE 24

Bond angles of 5 - t-b u ty l-2 -p h e n y l-2 - tM o -l,3 ,2-dioxaphosphorinane0

Atoms ang les , 0 Atoms angles , 0 Atoms angles, 0

S (17)-P (2)-0(l) 113„0(l)a C (M)-C (IS)-C (16) 119.0(4) C (Z)-C (9 )-H (10) 107,(2)
S(17)-P(2)-0(3) 1 1 1 .8 (1 ) C (IS)-C (16)-C (11) 121.5(4) C (Z)-C (9)-H (ll) 1 1 1 .(2 )
S(17)-P(2)-C (11) 113.8(1) O(S)-C (4)-H(l) 108.(1) H(9)-C(9)-H(10) 104.(2)
0 (l)-P (2 )-0 (3 ) 105.5(1) O(S)-C (4)-H (2) 104.(2) H(9)-C (9)-H (ll) 109.(3)
0(1)-P(2)~C (11) 106.2(1) C (5)-C (4)-H(l) 115.(2) H(IO)-C (9)-H(H) 115.(2)
0 (3 )-P (2 )-C (ll) 105.9(1) C(5)-C(4)-H(2) 1 1 1 .(1 ) C(Z)-C (10)-H(12) 1 1 2 .(2 )
P (2)-0(l)-C (6) 120.4(2) H(I)-C (4)-H (2) 106.(2) C(Z)-C(IO)-H(IS) 109.(2)
P(2)-0(3)-C  (4) 117.3(2) C (4)-C (S)-H(S) 107.(1) C (7)-C (10)-H(14) 108.(2)
O(S)-C (4)-C (5) 111.8(3) C(S)-C(S)-H(S) 104.(1) H(12)-C (IO)-H(IS) 102.(3)
C(4)-C(5)-C(6) 108.2(3) C (7)-C (S)-H(S) 109.(1) H(12)-C (IO)-H(M) 109.(3)
C(4)-C(5)-C(7) 113.3(3) O(I)-C(S)-H (4) 1 1 2 .(2 ) H(IS)-C(IO)-H(M) 117.(3)
C(S)-C (B)-C (7) 113.6(3) O(I)-C(S)-H(S) 99.(2) • C (Il)-C  (12)-H(15) .118.1(1)
O(I)-C(S)-C(B) 110.8(3) C (S)-C(G)-H (4) 1 1 0 .(2 ) C(IS)-C (12)-H(15) 122.(1)
C (S)-C(7)-C (8.) 109.5(3) C(S)-C(S)-H(S) 114.(2) ' C (12)-C (IS)-H(IS) 1 2 1 .(2 ) '
C(S)-C(Z)-C(S) 112.1(3) H (4)-C (S)-H(S) 1 1 1 .(2 ) C(M )-C(IS)-H(IS) 119.(2)
C(S)-C(Z)-C (10) 109.0(3) C (7)-C (8 )-H(6 ) 108.(2) C(IS)-C (M)-H(IZ) 123.(2)
P(2)-C (I l)-C  (12) 120.8(3) C(Z)-C (8)-H(7) 1 1 1 .(2 ) C (IS)-C (M)-H(IZ) 116.(2)
P(2)-C (Il)-C  (16) 120.2(3) C (7)-C (8 )-H(8 ) 1 1 2 .(2 ) C(M )-C (15)-H(18) 119.(2)
C (12)-C (Il)-C (IS ) 118.9(3) H(S)-C (8)-H(7) 105.(3) C (16)-C(15)-H(18) 1 2 1 .(2 )
C (H )-C  (12)-C (13) 119.9(4) H(S)-C (8 )-H(8 ) 113.(3) C (IS)-C (16)-H(19) 119.(2)
C (12)-C (IS)-C (14) 120.1(4) H(Z)-C(S)-H (8 ) 109.(3) C (Il)-C  (16)-H(19) 119 .#)
C(IS)-C (M )-C(IS) 120.7(4) C (Z)-C (9)-H(9) 1 1 0 .(2 )

aThe num ber in paren theses is  the standard  deviation and re fe rs  to  the leas t significant 
d igits.
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H16

S17-P2-01 113.0(11
03 -P2 -CU 105.9(1)
03 -C4 -HZ 104.(2)
CS -C4 -Hl 11S.12)
C6 -CS -H3 104.(1)
C4 -CS -C7 113.3(3)
Ol -C6 -H4 112.(2)
C2 -C6 -HS 114.(2)

CS -C7 -CIO 109.013) 
CS -C7 -C9 108.6(3)
C7 -CS -H7 111.(2)
H6 -CS -HS 113.(3) 
C7 -C9 -HlO 107.(2) 
H9 -C9 -Hll 109.(31 
C7 -C10-H13 109.(21 
H12 -CIO -H14 109J3)

Figure 14.

Bond d istances and bond angles of 

5 -t-b u ty l-2 -p h en y l-2 -th io -l, 3 , 2-dioxaphosphorinane.
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TABLE 25

L east squares planes re fe r re d  to orthogonal axes in 

5 -t-b u ty l-2 -phenyI-2 -th io -1 ,3 ,2 “dioxaphosph.orinanea .

Atoms in plane 4 m n d(A) S(A2)

0(1), 0(3), 0(4), 0(6) -0.273 0.630 0.726 2.27 0.0084

0(1), P(2), 0(3) -0.556 0.804 0.209 2.32 —

0(4), 0(5), 0(6) -0.646 ' 0.753 -0.126 3.09 — — —

0(11), 0(12), 0(13), 
C (14), 0(15), 0(16) 0.385 -0.596 0.704 0.04 0.0007

0(11), P (2),'8(17) 0.722 0.511 -0.391 0.25 — — —

aX = x  + z* cos jS; Y -  y; Z = Z -  sin 6  

L 0So p lan e : f  X + mY + nZ -  d = 0.0- 

S: sum  of sq u ares  of deviations of atom s from  plane.
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TABLE 26

T orsional angles fo r

5- t -b u ty l-2 -p h en y l-2 -th io -l, 3 ,2 -dioxaphosphorinane.

Bond to rs io n a l angle, degrees

P(Z)-O(I) . 38.8°

O(I)-C(G) 51.00

C(G)-C (5) 58.60

C(G)-C (4) 62.2°

C(4)-0(3) 55.60

O(S)-P(Z) 40.2°



dihedral angle between the best le a s t squares plane through the phenyl ring  and 

the plane C (Il) , P (2), S(17) is  70.2° tw isted  around the P (2 )-C (ll)  bond tow ard 

the O(I) side of the ring  as shown in F igure 15. S teric  repu lsions a re  re lieved  

between C(16) and H (19) and the lone p a ir  of e lec trons on 0(3) by the tw ist, and 

s tag g ers  C (16) and H (19) between 0(3) and S (17).

The bonding around the phosphorus form's a slightly d is to rted  te tra h e ­

d ra l with bond angles ranging from  105.5 to  113.8°. The P-O(S) bond distance 

is  5-6 s tandard  deviations longer than the P-O (I) bond which m ay be a signifi­

cant difference. The P -C (I l)  bond d istance is  1.801 A which is the sam e as 

found in  2, 5 -t~ b u ty l-2 -th io -l, 3 , 2-dioxaphosphorinane. The P=S bond is 

1.-911 A and can be considered  a norm al bond length.

The O(I)-C(S) bond distance is  2-3 s tandard  deviations longer than the 

O(S)-C(4) d istance which may be a significant d ifference. The C-C bonds in 

the ring  a re  1.507 and 1.508 A.

The phenyl ring  is  p lanar with an average displacem ent from  the best 

le a s t  squ ares  plane of 0.003 A, and the m axim um  displacem ent is  0.006 A at 

the C (16) position. The equation of the plane is  lis ted  in Table 25. The C-C 

bond d istances fo r the phenyl ring range from  1.362 to 1.386 A and average 

1.377 A. The C-C-C  bond angles range from  118.9 to 121.5°. These a re  n o r-  

m al values fo r a benzene ring.

The C-C bond d istances in the t -butyl group range from  1.531 to 1.547 A

74
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S(17)

C (l6 )

Figure 15.

Newman pro jec tion  looking down the C (11)-P(2) bond.
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and average 1.537 A„ The bond angles range from  108.1 to  112,1°. The la rg e s t 

angle C(5)-C(7)-C(9) is  probably the re su lt  of s te r ic  repu lsions between C (9) 

and the axial hydrogens on the ring , H(2) and 11(5).

The s tereog raph ic  packing.diagram  of the m olecules in  the unit cell is  

shown in F igure  16. Packing conditions a re  not likely  to be an im portant fac to r 

in  the conform ation of the m olecule since th e re  a re  no in te rm o lecu lar d istances 

le ss  than the sum of the van d er W aals ra d ii of the atom s in  neighboring m ole­

cu les. Values of the van der W aals rad ii w ere obtained from  Bondi (8), and 

pertinen t rad ii w ere: P , 1.80; 0 , 1.52; aliphatic C, 1.70; arom atic  C 5 1.77; 

double bonded S5 1.74; aliphatic H, 1.20; and arom atic  H, 1.00 A.
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Figure 16.

S tereographic packing diagram  for 

5 - t-b u ty l- l-p h e n y l- l- th io - l ,  3 ,2 -d ioxaphosphorinane.



THE CRYSTAL AND MOLECULAR STRUCTURE OF 

2, 5, -t-B U T Y L -2-T H IO -l, 3 ,2-DIOXAPHOSPHORINANE (CnPSOgHgg)

P rep a ra tio n

The c ry s ta ls  w ere supplied by W esley G. Bentrude and w ere la rg e , 

c o lo rle ss , tra n sp a ren t, and needle-shaped in  appearance. The dim ensions of 

the c ry s ta l used fo r X -ray  analysis w ere approxim ately 0.16 x 0.26 x 0.58 mm. 

The c ry s ta l was sealed  in a Lindem an cap illary  to prevent lo ss  by sublim ation.

D ensity ;

The density of the c ry s ta ls  was m easu red  by the flotation method as 

d esc rib ed  in  P a rt I, page 5. The calculated  density was based  on four m ole­

cu les p e r unit- cell; Dexp -  1.210 g /cm ^ and DcaJ c = 1.218 g /c rn ^ .

D eterm ination of ce ll dim ensions and space group

The c ry s ta l was p laced on Oregon State U niversity ’s Syntex P 2 j Auto­

m ated  D iffrac tom eter equipped with a PD P-8 com puter and po laro id  casse tte .

A ro ta tional photograph of the X -ray  d iffraction  p a tte rn  fo r the c ry sta l was m ade 

w ith the Polaro id  c a sse tte , and provided the Auto centering P ro g ram  (22) with 

coord inates.o f fifteen reflec tions. The p rog ram  refined the angular positions 

fo r the fifteen reflec tions by determ ining positions of the half-height peak in ­

tensity . The Autoindexing p rogram  (22) com piled a. lis t of possib le axial
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vecto rs  and the angles between these vecto rs. F rom  th is l is t  an orthorom bic 

ce ll was chosen. The L east Squares O rientation M atrix P ro g ram  (22) then 

calcu lated  the o rien tation  m a trix  and unit cell p a ram e te rs . The cell dim ensions 

obtained w ere a = 10.135, b -  10.716, and c = 12.765 A. No standard  deviations 

w ere given by the p rogram .

The space group was determ ined  by the extinctions in the in tensity  data, 

and was found to be Pm cn with extinctions:

hk4 no conditions
h04 4 ^ 2n
hkO h + k ^  2n
OM no conditions
hOO h £  2n
OkO k ^ 2 n
004 4 f  2n.

Unit ce ll dim ensions w ere again determ ined on our XRD-5 G eneral E lec ­

t r i c  D iffrac tom eter by the method described  in  P a rt I, page 6. F ifteen  th re e -  

d im ensional and th ree  tw o-dim ensional reflec tions w ere se lec ted  fo r which 

p rec ise  m easurem ents of the +20 and -29 angles w ere m ade. The re su lts  w ere 

a = 10.077(3), b = 10.662(3), and c = 12.703(3) A, which a re  significantly d iffe r­

ent than those determ ined  on the Syntex D iffractom eter. The cell dim ensions 

determ ined  by the G .E . d iffrac tom eter w ere used fo r repo rting  since our p ro ­

g ram  gives, s tandard  deviations, and I have m ore confidence in  them . The 

c ry s ta l data a re  lis ted  in Table 27.
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TABLE- 27 

C rysta l D ata for

2, 5 -t-b u ty l-2 ~ th io -l, 3 , 2-dioxaphosphorinane.

C H PSO 2 H2 3  F„W„ 250.32 F (000) = 544

O rthorhom bic, Space Group Pm cn 

a = 10.077(3) 01 = 90°

b = 10.662(3) ' j8 = 90°

c = 12.703(3) . ‘ y = 9 0 °

Volume of the unit cell = 1364,8 

M olecules p e r unit cell = 4 

Dexp = 1.210 g /c m 3 

Dcalc = 1.218 g /c m 3
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D ata collection

Two se ts  of data w ere taken from  the c ry s ta l on two different d iffracto ­

m e te rs . The f ir s t  se t of data was collected  on the Syntex P 2 i D iffractom eter 

equipped with a PD P-8 com puter, te letype, fo u r-c irc le  goniom eter, sc in tilla ­

tion  counter, and a pu lse-heigh t d isc rim in a to r. In tensities of 1303 unique 

re flec tions w ere m easured  of which 818 w ere considered  observed, using the 

c r ite r io n  ISs2 a  (I). Standard reflections w ere checked a fte r every  60 reflections 

during data collection and had an average deviation of 6.6%, which indicated a 

p roblem . The graph in  F igure  17 shows tha t scale  #3 s ta r ts  to  r is e  after 

approxim ately 18 hours and r is e s  rapidly  a fte r 35 hours, indicating a rapid 

drop in in tensity . Scales I  and 2 rem ained  re la tive ly  constant throughout the 

data collection. The problem  could be explained by e ith e r c ry s ta l de terio ra tio n  

o r by c ry s ta l slippage. In o rd e r to determ ine which case applied, the c ry s ta l 

w as mounted on our G eneral E lec tric  XRD-5 d iffractom eter. In tensities of the 

th re e  s tandard  reflec tions w ere collected  and th e ir  ra tio 's  to  those collected on 

the Syntex d iffractom eter w ere nearly  equal. This suggested tha t the c ry s ta l 

had probably moved during data collection on the Syntex.

The 818 observed reflections w ere re -co llec ted  on the G .E . d iffrac to ­

m e te r. Each peak was scanned for 60 seconds and the backgrounds on each 

side of the peak w ere counted fo r 10 seconds and m ultiplied by 3. A chart 

reco rd ing  of peak in tensity  vs_. 29 was m onitored during the data collection as
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a check on the centering  of the peak in the scan .range and fo r general appear­

ance of the peak and backgrounds. The scan  ra te  was 2° p e r  m inute with a ta k e ­

off angle of 4°. ■ ■

Of the 818 observed reflections collected  on the Syntex instrum ent, 763 

w ere considered observed by the G.E„ instrum ent. T hree s tandard  reflec tions 

(the 014, 330, and 421 reflections) w ere checked approxim ately every hour 

during data collection and rem ained  constant with an average deviation of 1.1%, 

indicating no d e te rio ra tio n  of the c ry s ta l.

S tructure  fa c to rs , (F0), w ere calculated  from  the in tensities  by applying 

the usual L o ren tz-po lariza tion  co rrec tion , and weights w ere calculated from  

standard .deviations as was described  in P a r t I, page 7.

No absorption o r extinction co rrec tio n s  w ere m ade. The lin ea r abso rp ­

tion  coefficient of CnPSOgHgg for MoK0/ rad ia tion  (X = 0.71069 A )  i s  3.33 

cm -1 . The tra n sm iss io n  fac to rs  fo r X -ray s  passing  through the maxim um  and 

m inim um  dim ensions of the c ry s ta l a re  approxim ately 0.80 and 0.95 re sp e c ti­

vely; th is  range corresponds to approxim ately 8% v aria tion  about a mean in ten ­

sity  value. Scattering fac to rs  for the non-hydrogen atom s and anomalous 

sca tte rin g  co rrec tio n s, (Af' and A f”), fo r phosphorus and su lfu r w ere taken 

from  the In ternational Tables (12). Scattering  fac to rs  for hydrogen w ere taken 

from  Steward, e t, a l . (20).
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S tructure  determ ination

The s tru c tu re  was solved using the data collected on the Syntex d iffrac to ­

m e te r. The positions of the phosphorus and su lfur atom s w ere  found from  the 

P a tte rso n  synthesis (2)0 Using the phosphorus and su lfur atom  positions, the 

s tru c tu re  fac to r calculation (9) gave an R -index of 0.46. A F o u rie r  map (2) 

rev ealed  positions of two oxygen atom s and th ree  ring carbon a to m s, giving an 

R -index  of 0.31. A subsequent F o u rie r  map showed the rem aining non-hydrogen 

atom  positions.

R efinem ent '

Refinem ent was begun using the full m a trix  le a s t sq u ares  method (9) of 

refinem ent with the R -index equal to 0.18 fo r the non-hydrogen s tru c tu re  along 

w ith iso trop ic  tem p era tu re  fac to rs  and a unit weighting schem e. A fter th ree  

cycles of refinem ent, the R -index dropped to  0.11. The tem p era tu re  fac to rs 

w ere then  converted to an iso trop ic  and the'w eighting schem e to that of Stout and 

Jensen . In th ree  cycles the R -index dropped to 0.087 with a weighted R-index, 

(Rwtd)> 0.11.

A difference m ap was calculated  to  locate hydrogen atom positions, and 

a ll of the hydrogen atom positions w ere located from  the map.

Refinem ent of the com plete s tru c tu re  was then continued until the shifts 

in  the p a ra m e te rs  w ere le s s  than one half of th e ir  s tandard  deviations. The
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final refinem ent of the Syntex data gave an R of-0.057 and an RwtcJ of 0.066.

A fter the data w ere reco llec ted  on the G0E. d iffrac to m e te r, the s tru c ­

tu re  refined  to  an R of 0.048 and an RwtcJ of 0.038. The observed  and calculated  

s tru c tu re  fac to rs  a re  lis ted  in Table 28. The positional p a ra m e te rs  of the non­

hydrogen atom s a re  lis ted  in  Table 29, the th e rm al p a ra m e te rs  for the non­

hydrogen atom s a re  lis ted  in  Table 30, and the hydrogen atom  p a ram ete rs  a re  

lis ted  in Table 31.

-D iscussion of the s tru c tu re

The m olecule of 2, 5 —t-b u ty l-2 - th io - l, 3 ,2-dioxaphosphorinane with its  

T herm al ellipso ids is  shown in  F igure  18. The bond lengths a re  lis ted  in Table 

32 and bond angles in Table 33. Bond lengths and angles a re  diagram m ed in  

F igure  19. '

The m olecule lie s  on a c rysta llog raph ic  m ir ro r  plane on which the 

atom s P (2), S(15), C (5), C (7), C(10), C ( I l ) 5 and C (14) lie  on the special p o si­

tions x = 1 /4  and 3 /4 . The ring  is  a d is to rted  chair w ith the t -butyl groups cis 

to  each other w ith the t -butyl group on the C (5) position axial and equatorial on 

the P (2) position. B entrude had p red ic ted  tha t the thio group would be axial, 

but had also  p red ic ted  a boat conform ation for the ring  (6).

The ring  is  flattened  as shown by the dihedral angles between the plane 

0(1), 0(3), C (4), C (6) and the planes 0(1), P(2), 0(3) and C (4), C (5), C(6); the
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TABLE 29

Positional p a ra m e te rs  of non-hydrogen atom s in

2 ,  5- t -bu ty l-2 -th io - 1 ,3 ,2-dioxaphosphorinane.

Atom x /a

8(15) 0.2500(0)a
P(2) 0.2500(0)
O(I) 0.3724(2)
0(3) 0.1276(2)
0(4) 0.1260(5)

0(5) 0.2500(0)
0(6) . 0.3740(5)
0(7) 0.2500(0.)
(3(8) 0.3706(7)
0(9) 0.1294(7)

C<10) 0.2500(0)
C (Il) 0.2500(0)
0(12) ■ ■ 0.3742(6)
C (13) 0.1258(6)
0(14) 0.2500(0)

y /b z /c

0.1104(2) 0.2943 (I)
0.0193 (I) 0.1633(1)

-0.0730(2) 0.1490(2)
-0.0730.(2) 0.1490(2)
-0.1789(4) 0.2230(4)

-0.2607 (6) 0.2155(5)
-0.1789(4) 0.2230(4)
-0.3604(5) 0.1275(4)
-0.4449(6) 0.1381(5)
-0.4449(6) 0.1381(5)

-0.3039(7) 0.0176(6)
0.1144(6) 0.0456(5)
0.1961(6) 0.0485(5)
0.1961(6) 0.0485(5)
0.0329(8) -0.0540(6)

aThe num ber in  paren theses is  the standard, deviation and 
re fe rs  to the le a s t significant dig its.
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TABLE 30

T herm al p a ra m e te rs  of non-hydrogen atom s in 

2, 5- t -bu ty l-2 -th io -1 , 3, 2-dioxaphosphorinane..

Atom /3 iia ’b #22

8(15) 131(2)0 101(2)
P(2) 74(2) 61(2)
O(I) 68(3) 63(2)
0(3) 68(3) 63(2)
0(4) 86(6) 85(5)

C(5) 88(7) 79(6)
0(6) 86(6) 85(5)
0(7) 85(7) 56(6)
0(8) 143 (8) 104(6)
0(9) 143 (8) 104(6)

0(10) 162(12) 80(8)
C(H) ,92(7) . 74(6)
0(12) 131(8) . 99(6)
0(13) 131(8) 99(6)
0(14) 197 (14) 107 (9)

#33 #12 #13

58(1) 0(0) 0(0)
47(1) 0(0) 0(0)
56(2) 7(2) 1(2)
56(2) -7(2) -1(2)
57(3) -7(5) 11(4)

41(4) 0(0) 0(0)
57(3) ' 7(5) -11(4)
61(5) 0(0) 0(0)

112(6) 28(6) -4(6)
112(6) -28(6) . 4(6)

58(5) 0(0) 0(0)
57(5) 0(0) 0(0)

104(5) . -35(6) 8(5)
104(5) 35(6) -8(5)

50(5) 0(0) 0(0)

aThe j8ij!s have been m ultip lied  by IO^1

'-’The ex p ression  fo r the anisotropic th e rm a l p a ram e te rs  is  of the form :

exp (-jSiih2 - 6 2 2 k 2 - 8 3 3  ̂ - ^ h k - ^ i g M - ^ s k A ) ,

cThe num ber in  pa ren th eses  is  the s tandard  deviation and re fe rs  to the 
le a s t significant d ig its.

#23

29(1)
6 (1 )

3 (2)
3(2)
1(3)

16(5)
1(3)
2(4)

10(5)
10(5)

-8(5)
7(5)

23(5)
23(5)

5(6)
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TABLE 31

■ Hydrogen atom p a ram ete rs  in 

2, 5 - t-b u ty l-2 - th io - l, 3 , 2-dioxaphosphorinane.

Atom x /a y/b z /c Biso

H(I) 0.047 (3 )a -0.227(3) 0.201(3) 3.8(8)
H (2) 0.116(3) -0.150(3) 0.298(3) 3.7(8)
H(3) 0.250(0) -0.312(5) 0.285(4) 4.8 (1.3)
H(4) 0.384(3) -0.150(3) 0.298(3) 3.7(8)
H (5) 0.453(3) -0.227(3) 0.201(3) 3.8(8)

H (6) 0.374(4) -0.515(4) 0.075(4) 7.9(1.3)
H (7) 0.448(5) -0.405(4) ■ 0.117(3) 6.8(1.5)
H(8) 0.375(5) -0.477(4) 0.207(4) 7.4(1.5)
H(9) 0.125(5) -0.477(4) 0.207(4) 7.4(1.5)
H(IO) 0.052(5) -0.405(4) 0.117(3) 6.8 (1.5)

H(H) 0.126(4) -0.515(4) 0.075(4) 7.9 (1.3)
H (12) , 0.172(4) -0.255(3) 0.005(3) 5.2 (1.2)
H (13) ■ 0.2500(0) -0.382(5) -0.035(4) 5.8(1.6)
H(M) 0.328(4) -0.255(3) 0.005(3) 5.2 (1.2)
H(15) 0.446(5) 0.140(4) 0.047(4) 7.6(1.6)

H (16) 0.366(4) 0.249(4) 0.122(3) 8.3 (1.5)
H (17) 0.372(4) 0.251(4) ■ -0.016(4) 7.3 (1.4)
H (18) 0.333 (4) -0.018(4) -0.058(4) 7.1(1.4)
H (19) 0.250(0) 0.080(5) -0.114(5) 5.5 (1.7)
H(20) 0.167(4) -0.018(4) -0.058(4) 7.1(1.4)

H (21) . 0.128(4) 0.251(4) -0.016(4) 7.3 (1.4)
H (22) 0.134(4) 0.249(4) 0.122(3) 8.3 (1.5)
H (23) 0.054(5) 0.140(4) 0.047(4) 7.6(1.6)

aThe num ber in  p a ren theses is the standard  deviation and re fe rs  to 
the le a s t significant dig its.
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Figure 18.

M olecular s tru c tu re  of 

2, 5 - t-b u ty l-2 - th io - l, 3, 2-dioxaphosphorinane 

illu s tra tin g  the therm al e llipso ids.
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TABLE 32

Bond d istances fo r

2, 5-t-b u ty I-2 -th io -1 , 3 ,2-dioxaphosphorinane.

Bond distance , A Bond distance, A

S(15)-P(2) 1.927 (2)a C(G)-H(S) 0.98(3)
P (2 )-0 (l) 1.588(3) C(S)-H(G) 1.10(5)
P(2)-0(3) 1.588(3) , C(8)-H(7) 0.93(5)
P (2)-C (ll) 1.807(6) C(S)-H(B) 0.94(5)
O(I)-C (6) 1.47 0(5) C(9)-H(9) 0.94(5)

0(3)-C(4) 1.470(5) C (9)-H(10) 0.93(5)
C(4)-C(5) 1.526(6) C(O)-H(Il) 1.10(5)
C(S)-C(G) 1.526(6) C (10)-H(12) 0.96(4)
C(S)-C(Z) 1.543 (8) C(IO)-H(IS) 1.07(6)
C(7)-C(8) 1.518(7) C(IO)-H(M) 0.96(4)

C(?)-C(9) 1.518(7) C (12)-H (15) 0.94(5)
C(Z)-C (10) 1.520(9) C (12)-H(16) 1.09(4)
C (Il)-C  (12) 1.525(7) C (12)-H(17) 1.01(4)
C (I l)-C  (13) .1.525(7) C(M )-H(IS) 1.00(4)
C (Il)-C  (14) 1.535(10) C (M)-H (19) 0.91(6)

C (4)-H(l) 0.98(3) C (M)-H (20) 1.00(4)
C(4)-H(2) 1.01(3) C (IS)-H (21) 1.01(4)
C(S)-H(S) 1.04(5) C (13)-H (22) 1.09(4)
C(6)-H(4) 1.01(3) C (IS)-H (23) 0.94(5)

aThe num ber in  p a ren theses is  the standard  deviation and re fe rs  to
the le a s t significant d ig its.
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TABLE 33 '

Bond angles fo r

2, 5- t -bu ty l-2 -th io -1 , 3, 2-dioxaphosphorinane.

Atoms angle, 0 Atoms an g le ,°

S(15)-P(2)-0(1) 114.3 (I)G- O(S)-C (4)-H(l) . 103. (2)
S(15)-P(2)~0(3). 114.3(1) . O(S)-C (4)-H(2) .112. (2)
S(15)-P(2)-C (11) 115.6(2) C(5)-C(4)-E(l) HO. (2)
0 (l)-P (2 )-0 (3 ) . 101.9(1) . C(5)-C(4)-H(2) 108.(2)
0(1)-P(2)-C (11) 104.6(2) H(I)-C (4)-H(2) HO. (3)

0(3)-P(2)-C  (11) 104.6(2) C (4)-C (S)-H(S) . 104. (2)
P(2)-Q (l)-C(6) 114.3(2) C(G)-C (S)-H(S) 104. (2)
P(2)-0(3)-C (4) 114.3(2) C(Y)-C(S)-H(S) 105. (2)
O(S)-C (4)-C (5) 112.9(3) O(I)-C (6)-H (4) 112. (2)
C(4)-C(5)-C(6) 109.9(4) O(I)-C(G)-H(S) 103. (2)

C(4)-C(5)-C(7) 116.0(4) C(S)-C (G)-H (4) 108. (2)
C(6)-C(5)-C(7) 116.0(4) C(S)-C(G)-H(S) HO. (2)
O(I)-C(G)-C (5) 112.9(3) H(4)-C (G)-H(S) HO. (2)
C(5)-C(7)-C(8) , 110.2(4) C(Y)-C(S)-H(G) H I .  (2)
C (S)-C (Z)-C (9). 110.2(4) C(Y)-C(S)-H(Y) 1 1 2 .(3)

C(S)-C(Z)-C(IO) 113.1(4) C(Y)-C (S)-H(S) HO. (3)
C (S)-C (Y)-C (9) 106.3(4) H(G)-C(S)-H(Y) 94. (4)
C(S)-C(Y)-C (10) 108.4(4) H(G)-C(S)-H(S) 116. (4)
C(S)-C(Z)-C(IO) 108.4(4) H(Y)-C(S)-H(S) 113. (4)
P(2)-C (I l)-C  (12) 10Y.5 (4) C (Y)-C (9)-H(9) HO. (3)

P(2)-C (I l)-C  (13) 10Y.5 (4) C(Z)-C (S)-H(IO) 112. (3)
P(2)-C  (I l)-C  (14) 111.4(4) C (Y)-C (9)-H (ll) H I .  (2)
C (12)-C (I l)-C  (13) 110.3(4) H(S)-C (9)-H(10) 113. (4)
C (12)-C (Il)-C  (14) 110.1(4) H(9)-C(9)-H(H) 116, (4)
C(IS)-C (I l)-C  (14) . 110.1(4) H(IO)-C(S)-H(Il) 94. (4)

C
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TABLE 33'

(Continued)

Atoms angle, 0 Atoms ang le ,°

C (7)-C (10)-H(12) 11B. (B) C (Il)-C  (M)-H(IS) 106. (3)
C(T)-C (IO)-H(IS) 1 0 5 .(B) C (H )-C  (M)-H(19) 105. (B)
C(T)-C (IO)-H(M) 112. (2) C (H )-C  (M)-H(BO) 10T. (3) .
H(IB)-C (IO)-H(IS) 109. (3) ■ H(IS)-C (M)-H(19) ' 114. (4) ‘
H(IB)-C (IO)-H(M) HO. (3) H(IS)-C (M)-H(BO) 112. (4)

H (13)-C (10)-H (14) 109. (3) H (19)-C (M)-H(BO) 113. (3)
C (Il)-C  (IB)-H(IS) 106. (3) C (H )-C  (13)-H(Bl) 10T,. (3)
C (Il)-C  (IB)-H(IG) 105. (2) C (H )-C  (IS)-H(BB) 105. (2)
C (H )-C  (IB)-H(IT) 10T. (3) C (H )-C  (13)-H (23) . 106.(3)
H(IS)-C (IB)-H(IG) 114. (4) ; H(Bl)-C (13 )-H(22) 113. (3)

H(IS)-C (IB)-H(IT) ' 112. (4) H(Bl)-C (IS)-H(BS) 112. (4)
H(IG)-C (IB)-H(IT) 113. (3 ) H(BB)-C (13)-H(23) 114. (4)

aThe num ber in  pa ren th eses  is  the s tandard  deviation and re fe rs  
to the le a s t significant dig its.
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Figure 19.

Bond d istances and bond angles for 

2 ,5 -t-b u ty l-2 - th io - l, 3 , 2-dioxaphosphorinane
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dihedral angles a re  50.3 and 46.0° respective ly  as com pared to 60° for an ideal 

ch air . The equations of the planes and the dihedral angles a re  lis ted  in Table 

34. The to rs io n a l angles about the ring bonds a re  given in Table 35. From  the 

to rs io n a l ang les, it  can be seen  that m ost of the flattening of the ring is  on the 

carbon end of the ring , in con trast with the o ther I , 3-, 2-dioxaphosphorinanes 

that have been studied. More is  said  about the conform ation la te r  in the section  

com paring the I ,  3 ,2-dioxaphosphorinanes on page 100.

The bond angles around the phosphorus form  a d is to rted  te trah ed ra l 

with bonds ranging from  101.9 to 115.6°. The P -C (Il)  bond is  1.807 A which is  

the sam e as that found fo r the 5 -t-b u ty l-2 -p h en y l-2 -th id -l, 3 , 2-dioxaphosphor- 

ihane. The P=S bond is  1.927 A which is  slightly  longer than the 1.911 A bond 

found in the 5 -t-b u ty l-2 -p h en y l-2 -th io - compound. The P -O  bond distances a re  

1.588 A which a re  norm al bond lengths fo r phosphate e s te rs .  The C-O bonds 

a re  1.470 A and the C-C bonds in the ring  a re  1.526 A, which a re  norm al bond 

lengths.

The C-C bond d istances of the t-bu ty l group on the phosphorus range 

from  1.525 to 1.535 A and average 1.528 A. The bond angles range from  107.5 

to 111.4° which a re  nearly  te trah ed ra l. The C-C bond d istances of the t-buty l 

group on the C (5) position range from  1.518 to 1.543 A and average 1.525 A.

The bond angles range from  106.3 to 113.1°. The angle C(5)-C(7)-C(10) appears 

to  be in c reased  by s te r ic  repulsions between C(IO) and O(I) and 0(3) on the ring.
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TABLE 34

Equations of p lanes for 

2, 5- t-b u ty l-2 -th io -1 , 3 ,2 -dioxaphosphorinanea .

Atoms in plane A m n d(A)

0(1), 0(3), C (4), C (6) 0.000 0.639 0.768 0.96

0(1), P(2), 0(3) 0.000 -0.183 0.983 2.00

0(4), 0(5), 0 (6). 0.000 -0.109 0.994 3.02

aEquation of the p lane: Ax + my + nz -  d = 0„0
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TABLE 35

T orsiona l' angles for

i-t-bu ty l-2 -th io --1 ,3 , 2-dioxaphosphorinane,

Bond angle, degrees

P(Z)-O(I) 57.6°

C(I)-C(G) 58.80

C(G)-C(S) 51.4°

C (S)-C (4) 51.4°

C(4)-0(3) 58.8°

0(3)-P(2) 57.6°
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The packing of the m olecules in the unit cell is shown in the stereograph ic  

d iag ram  in F igure  20. Packing, conditions a re  not likely to be an im portant 

fac to r in the conform ation of the m olecule, since there  a re  no in te rm o lecu lar 

d is tances le ss  than  the sum of the van d e r W aals rad ii of neighboring m olecules. 

V alues of the van d e r W aals rad ii w ere obtained from  Bondi (8). The p e rtin ­

en t ra d ii w ere: P, 1.80; 0 , 1.52; C, 1.77; double bonded S, 1.74; and H,

1.20 A.
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Figure 20.

S tereographic packing diagram  for 

2, 5 - t-b u ty l-2 - th io - l, 3 , 2-dioxaphosphorinane.



COMPARISON OF THF 1 ,3 ,2-DIOXAPHOSPHORINANES

A lis t  of the 1 ,3 ,2-dioxaphosphorinanes fo r which c ry s ta l s tru c tu re s  

have been done is  given in Table 36.

Points of com parison  fo r the s tru c tu re s  a re : I) the conform ation of the 

rin g , 2) com parison  of s ize  effects of various axial substituents bonded to  the 

phosphorus atom , and 3) com parison of the effects of substituen ts bonded on 

the  C (5) position. The bond angles and bond d istances in  the ring  a re  not sign i­

ficantly  d ifferen t from  those expected. T ables 37 and 38 show a com parison of 

the bond d istances and bond angles of the 1 ,3 ,2-dioxaphosphorinanes.

2, 5 -t-b u ty l-2 - th i6 - l, 3, 2-dioxaphosphorinane is  unique in  the s e r ie s  be­

cause the t -butyl on the phosphorus atom  is  equatorial ra th e r  than  axial as the 

substituen ts fo r the r e s t  of the s e r ie s  a re . This may be due to  the large  s te r ic  

repu lsions between the bulky t-bu ty l and the 1 ,3 -  oxygen atom s and axial m ethy­

lene hydrogens being g re a te r  than the 1-2 kcal p refe rence  fo r the substituent to  

be axial (7) causing the ch a ir to invert.

All the I ,  3, 2-dioxaphosphorinane s tru c tu re s  studied to  th is  point have 

been found to be in  the chair conform ation. The d ihedral angles between the 

p lanes O(I)., 0(3), 0(4), C (6) and 0(1), P (2), 0(3) show a g enera l flattening of 

the ring , as com pared to the perfect chair with d ihedral angles of 60°. The 

d ihedra l angles fo r the seven s tru c tu re s  a re  lis ted  in Table 36. T here appears



TABLE 36

Compound Ref. R -index

a)

OH

0.108

OPh

(5b) 0.115

Br

CH2 -B r
0.045

t-butyl

CH3

0 < ^ Q

Intensity-
collection

Photographic

Photographic

D iffractom eter

d) (15) 0.069 D iffractom eter

D ihedral angle Dihedral
0(1), 0(3), C(4), C(6)- C(4), C (5), C(G)-

0(1), P(2), 0(3) 0(1), 0(3), C(4), C(G)

40.4° 54.2°

36.5° 53.1°

36.7° 52.5°

33.5° 54.9°

10-1



TABLE 36

(Continued)

Compound Ref. R -index
Intensity
collection

D ihedral angle D ihedral angle
0(1), 0(3), C (4), C (6)- C (4), C (5), C (6)- 

0(1), P(2), 0(3) 0(1), 0(3), C(4), C(6)

OCH3

e) 0 ^ / \ )

t-butyl

0.059 D iffractom eter 37.9°

0.036 D iffractom eter 35.8°

49.9°

56.0°

g)

S
!I
x t-bu ty l 0.048 D iffractom eter 50.3° 46.0°

t-buty l
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TABLE 37

C om parison of bond d istances for the 

1 ,3 ,2  -dioxaphosphorinane s .

Atoms aa b C d e f g

P(Z)-O(I) 1.56b 1.56(1) 1.57(1) 1.56(1) 1.568(4) 1.576(2) 1.588(3)
P(Z)-O(S) 1.58 1.57(1) 1.54(1) 1.58(1) 1.568(4) .1.587(2) • 1.588(3)

P(2)=0 1.51. 1.48 (I) 1.44(2) 1.48(1) 1.443 (6) — ---- -

P ( Z ) = S — —— — — — ------ 1.911(1) 1.927(2)

P(Z)-X 1.55 1.59(1) 2.171(6) 1.81(3) 1.567(6) 1.801(3) 1.807(6)
O(I)-C(G) 1.46 1.45(2) 1.47 (2) 1.51(2) 1.457(7) 1.462(4) 1.470(5)
O(S)-C (4) 1.46 1.43(2) 1.49(3) 1.46(3) 1.457(7) 1.452(4) 1.470(5)
C(4)-C(5) 1.51 1.49(2) 1.50(3) 1.54(2) 1.510(8) • .1.508(5) 1.526(6)
C(S)-C(G) 1.53 1.49(2) 1.59(3) 1.49(2) 1.510(8) 1.507(5) 1.526(6)

aThe le tte rs  re fe r  to  the compounds shown in  Table 36. 

^Standard deviations a re  0.02-0.05 A.
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TABLE 58

C om parison of bond angles fo r the 

1 ,3 ,2-dioxaphosphorinanes.

Atoms I t l JSL JdL JSL JD- ' JSl
Q (l)-P (2)-0(3) 104.6(5)° 106.6(6)° ■ 104.9(7)° 104.4(4)° 105.3(2)° 105.5(1)° 101.9(1)

0(1)-P(2)-Y 110.1(5) 115.3(6) 113.8(8) 113.2(5) 112.6(3) 113.0(1) 114.3(1)

0(1)-P (2)-X 109.5(6) 101.7(6) 104.4(5) 110.0(5) 104.6(3) 106.2(1) 104.6(2)

0(3)-P(2)-Y 110.2(6) 111.8(6) 116.1(8) ' 112.9(4) . 112.6(3) 111.8(1) 114.3(1)

0(3)-P (2)-X  ■ 105.1(7) 107.0(6) 105.1(5) 107.5(4) 104.6(3) 105.9(1) 104.6(2)

X -P(2)-Y 116.6(7) 113.7(6) 111.5(7) 108.7(5) 116.1(3) 113.8(1) 115.6(2)

P(2)-Q (l)-C (6) 120.8(9) 117.7(9) 119.9(11) 119.7(7) 118.2(4) 120.4(2) 114.3(2)

O(I)-C(G)-C (5) 105.8(14) 110.5(13) 109.6(15) . 110.5(10) 112.2(5) 110.8(3) 112.9(3)

C (G)-C(S)-C (4) 113.8(14) 109.9(14) 110.5(16) 107.7(10) 109.6(6) 108.3(3) 109.9(4)

C(S)-C (4)-0(3) 109.4(16) 112.0(13) 108.5(16) 110.7(9) 112.2(5) 111.8(3) 112.9(3)

C(4)-Q(3)-P(2) 116.9(11) 117.5(9) 121.0(12) 120.2(8) 118.2(4) 117.3(2) 114.3(2)

o

aThe le tte rs  re fe r  to  the compounds shown in Table 36.

LO
T
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to be a general c o rre la tio n  between the dihedral angle on the phosphate end of the 

ring  and the size of the axial substituent w ith the exception of 2, 5- t -butyl-2 -  

th io -1 , 3 ,2 -dioxaphosphorinane fo r which the t -butyl on the phosphorus atom is  

equato ria l ra th e r  than axial. The co rre la tio n  follows, in  genera l, that the 

g re a te r  the flattening (sm aller d ihedral angle) the la rg e r  the substituent in  the 

ax ial position , Me > P h >  B r > 0„ It is  difficult to com pare the Me and Ph groups 

as to  s ize  as fa r  as what the 1 ,3-positions and axial hydrogens see. The phenyl 

rin g  is  la rg e r  in overa ll d im ensions, but the  hydrogen on the m ethyl probably 

approaches the axial hydrogens m uch c lo se r, making it appear la rg e r  s te rica lly  

than  the phenyl. The hydroxy, methoxy, and phenoxy groups a re  considered to 

be ju s t an oxygen atom  since the hydrogen, m ethyl, and phenyl groups bonded 

to  the oxygen fo r the various compounds point away from  the axial position.

The size  co rre la tio n  may be explained by s te r ic  repu lsions between the axial 

position  of the phosphorus atom and the oxygen atom s in  the ring  plus the axial 

m ethylene hydrogens. These s te r ic  in teractions may be re liev ed  by flattening 

the phosphorus end of the ring , thus, decreasing  the d ihedral angle. The 2 - 

phenoxy-2-oxo compound seem s to be out of o rd e r. This m ay be because the 

data  w ere photographic and refined  to an R -index of 0.115, m aking the accuracy 

of the angle som ewhat uncertain . The 2 , 5 -t-b u ty l-2 -th io  compound does not 

f it  into the co rre la tio n  between B r and O w here one would expect to find su lfu r.

However, fo r th is  compound, the phosphate end has been inverted  com pared to
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the  o thers in  the s e r ie s  and the bulky t-buty l group in the equato ria l position.

The C (14) m ethyl on the t-bu ty l is  in position  to have s te r ic  in teractions with 

the  oxygens in the ring  and the C(IO) m ethyl on the axial t-bu ty l group bonded to 

the  C (5) position. These s te r ic  in te rac tions would tend to counter the flattening 

effect of the axial su lfu r and in c rease  the d ihedral angle.

Another way in  which the s te r ic  s tra in  involving the axial substituents at 

phosphorus can be re lieved  is  by bending the axial substituent tow ard the equa­

to r ia l  substituent. This angle d ecreases  in  the o rd e r OH, MeO, P h , PhO, B r, 

Me being 116.6, 116.1, 113.8, 113.7, 111.5, and 108.7°, roughly as p red icted  

by the in creasing  s ize  of the group w ith the m ain exception of the phenyl group. 

The o rd e r of the phenyl may be due to  the fact that the la rg e r  su lfur atom is  in 

the  equato ria l position  ra th e r  than oxygen, making the approach of the axial 

group m ore  difficult. The m ean value fo r the O(I)-P(B)-X and O(S)-P(B)-X 

angles vary  little , (104.4 -108 .8°), over the s e r ie s  and show no firm  size c o r r e ­

la tion . The O(I)-P(B)-O(S) angles rem ain  alm ost constant, (104.4- 106.6°), 

over the s e r ie s . With the exception of the OH-compound, the m ean angle of 

O (I)-P(B)-Y  and O(S)-P(B)-Y rem ain  alm ost constant over the s e r ie s , (112.4 -  

114.9°). The angles O(I)-P(B)-X, O(S)-P(B)-X, O(I)-P(B)-Y, and O(S)-P(B)-Y 

would not be expected to vary  in any system atic  method with the size  of the 

ax ial substituent X.

The d ihedral angles between the planes 0(1), 0(3), C (4), 0(6) and C (4),
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C (5), C (6) show little  difference fo r the equatorial substituent, (53 .1 -56 .0°). ■ 

F o r  the compounds containing axial substituents on the C (5) position, th e re  is 

som e flattening of the ring  with the disubstitu ted  compound with the -CH g-Br. 

group having le ss  affect tha t the t -butyl groups. Tins is  probably due to s te r ic  

repu lsion  of the axial group with the 1 ,3-oxygens in the ring. In the -C H g-B r 

group, the B r points away from  the ring  making considerably  le s s  s te ric  s tra in  

than the la rge  t-bu ty l groups. In the case of the 2, 5- t -butyl compound, th e re  

is  also  possib le  s te r ic  repu lsion  possib le  between the two t-bu ty l groups which 

could explain why the g re a te s t amount of flattening of the carbon end of the ring  

occu rs  fo r th is  compound.



SUMMARY AND CONCLUSIONS

The th re e  1 ,3 ,2-dioxaphdsphorinahe s tru c tu re s  rep o rted  in th is d is s e r ­

ta tion  continues the study of six -m em bered  cyclic phosphorus com pounds, and 

leads to a b e tte r understanding of the effects of substituents on the conform ation 

of the ring (chair, boat, skew) as well as providing inform ation about the o r i­

entational p re fe ren ces  of the groups. C om parison with other s im ila r m olecules 

is  also  m ade possib le .

The conform ations fo r the seven I ,  3 ,2-dioxaphosphorinanes whose 

s tru c tu re s  have been investigated  have all been the chair. A lso shown is  an 

ax ial p re fe ren ce  for the substituent on the phosphorus. Investigato rs have r e ­

p o rted  th is  axial p re fe ren ce  to  be 1-2 k iloca lo ries  (7). The exception in the 

s e r ie s  is  the 2 ,5 -t-b u ty l-2 - th io - l, 3 ,2-dioxaphosphorinane whose ring confor­

m ation is  inverted  on the phosphate end of the ring with re sp ec t to the r e s t  of 

the 1 ,3 ,2-dioxaphosphorinanes and the t -butyl on the phosphorus is  equatorial. 

F o r  th is compound, it appears that s te r ic  repu lsions between the bulky t -butyl 

and the 1 ,3-oxygens and the axial m ethylene hydrogens a re  g re a te r  than the 1-2 

k iloca lo rie  p reference  for the axial conform ation.

Another fea tu re  of th is  s e r ie s  of compounds, is tha t th e re  is  a general 

flattening of the ring , especially  on the phosphate end. T here  appears to be a 

gen era l co rre la tio n  between the s ize  of the axial substituent on the phosphorus
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and the amount of flattening on the phosphate end of the ring. This effect can be 

seen  in the d ecrease  of the d ihedral angle (Y shown in F igure  21) between the 

p lanes of the ch a ir as the size of the axial substituent on the phosphorus is  in ­

c re a sed , M e> Ph > B r > O. This sam e effect can also  be seen  with the axial 

substituen ts on the C(5) end of the ring , t -b u ty l> CHg-Br >H .

C(5)

F igure 21.

D ihedral angles between the planes of the chair 

fo r the I ,  3, 2-dioxaphosphorinanes.
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