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gram in terms of the  crystal  s t ructure is in general  
possible. I n  view of this, i t  m a y  be worth while ob- 
ta in ing  the  three-dimensional  da ta  required for this  
purpose, using a sui table  pair  of isomorphous crystals.  
Most of the  structures which are of interest  at  present  
are concerned with organic compounds,  and  with 
these compounds one often f inds tha t  the in t roduct ion  
of an  extra  group in the molecule does not  change the 
type  of crystal  structure.  In  such cases, by  making  
a judicious choice of the  extra  group, the  D-P  method  
could be uti l ized to obta in  full  informat ion  regarding 
the s tructure of the  whole molecule. Thus it appears  
tha t  the  D-P method  deserves more a t tent ion as a 
pract ical  means  for s t ructure  analysis  t h a n  iV has had  
so far. 
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The Crystal  Structure  of D i m e t h y l p h o s p h i n o b o r i n e  T r i m e r *  
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Dimethylphosphinoborine trimer, [(CH3)2PBH~]3, is orthorhombic, with a = 11.16-4-0.02, b---- 
13.16-4-0.02, c ---- 10.53=t=0.02 A, Z ---- 4, and space group Pnma. The intensities of the 1210 planes 
with sin 0 _< 0.886 were visually estimated from equi-inclination Cu K0¢ Weissenberg photographs. 
The approximate structure was derived from a three-dimensional Patterson synthesis, and refine- 
ment in three dimensions was carried out by successive least squares and by use of a difference map. 
A simple method was used for estimating approximate temperature factors from the difference 
map. The molecule has a cyclohexan~-like ring of alternating P and B atoms, with two methyl  
groups attached to each P, and two hydrogens to each B. It  has crystallographic symmetry Cs and 
approximate symmetry Csv, and the immediate environment of each ring atom is approximately 
C2v. The average bond lengths and angles (and estimated standard deviations) are P-B,  1.935=t= 
0.009; P-C, 1.83~±0.007 A; P -B-P ,  112.2-4-0.9; B-P-B,  118.1-4-1.2; C-P-C, 100.4-4-0.6; B-P-C,  
109-1~-0-6 °. The /~ factor for the final structure is 0-169. 

Introduction 

Dimethylphosphinobor ine  tr imer,  [(CH3)2PBH~]3, 
made  from d imethy l  phosphine  and  diborane, has been 
described as being the most  stable well-defined com- 
pound containing a B - H  bond yet  prepared (Burg & 
Wagner ,  1953). I t  is ext raordinar i ly  stable toward 
both hydrolysis  and the rmal  decomposition. Burg has 
postula ted tha t  the  structure is a hexatomic  ring with 
six equivalent  P - B  bonds, and  tha t  the resistance 
toward hydrolysis  is p r imar i ly  due to special charac- 
teristics of the  bonding ra ther  t han  to steric h indrance  
by  the me thy l  groups, which, however, he says, might  
be of some importance.  I t  seemed of interest  to a t t empt  
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a complete crystal-s tructure de terminat ion  of this  un- 
usual  compound in order to confirm the  ring structure 
and to a t t empt  to elucidate the  na ture  of the  bonding. 
Stosick had  previously de termined the cell constants  
of the or thorhombic uni t  cell (Burg & Wagner ,  1953). 

Experimental 

Both needle- and plate-l ike crystals,  0.2-0.3 ram. in 
m a x i m u m  dimension in the a and  c directions and as 
much  as 1 mm.  in the  direction of the  needle axis b, 
were used for the  diffract ion photographs.  To prevent  
rapid  subl imat ion,  i t  was found necessary to mount  
the crystals in glass capillaries for all X- ray  work. 

F rom rotat ion and Weissenberg photographs  about  
the a and b axes and precession photographs about  
three axes, using Cu K s  (~t--1.542 J~) and  Me K s  
(2 = 0.711 /~) radiat ion,  the  cell constants  were found 
to be 
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a = 11-16-}-0"02, b - 13-16d=0"02, c = 10.53±0.02 A ,  

in good agreement with Stosick's values. The density 
calculated for four molecules of the trimer per unit 
cell is 0"959 g.cm. -3, to be compared with an observed 
value of 0.94-0-96 g.cm. -a (Burg & Wagner, 1953). 

Multiple-film equi-inclination Weissenberg photo- 
graphs about the a and b axes were taken with filtered 
Cu Kc¢ radiation, the maximum sin 0 observed being 
0.886. Within this limit, 1210 reflections are allowed 
by the space group; of these, 249 were unobservably 
small. All intensities were visually estimated by com- 
parison with standard intensity strips prepared from 
the same crystals. The film factors were estimated 
separately for each set of photographs. 

After correction of the intensities for polarization 
and Lorentz factors, correlations between the several 
sets of film were made by comparison of the approxi- 
mately 800 intensities which had been measured on 
photographs around both axes. The scale factor and 
overall temperature factor (B = 3.71 A -~) were deter- 
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Fig. 1. Wilson plot,  loge ~ESl~X~ versus sin 2 0, including the  
unobse rved  reflections en te red  a t  half  the i r  m i n i m u m  ob- 
servable values.  Zero weight  was  given to t he  first  po in t  
in f i t t ing  the  least-squares line; B = 3.71. 
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Fig. 2. The  cumula t ive  d is t r ibut ion  of / ~ ' s  w i th  respect  to 

z = / ~ [ F  2, the  average being t aken  over  intervals  of 0.05 
in sin 2 0. The  lower line, N(z) ~ 1 - -e  -z,  is character is t ic  of 
P1; the  upper ,  _N(z)= err(z/2)- ~, of P1.  

mined by Wilson's method (Wilson, 1942); see Fig.1. 
The systematic absences, {hk0} for h odd and {Ok/} 

for k+ l  odd, and the distribution of intensities (Fig. 2) 
characteristic of centrosymmetry (Howells, Phillips & 
Rogers, 1950) indicate space group Pnma-D~. This 
was confirmed by the Patterson-function peak distri- 
bution and by the structure ultimately found. 

Deduction of t r ia l  s t ruc tu re  and p r e l i m i n a r y  
re f inement  

The structure was deduced quite easily from the 
Patterson function P(U, V, W). (A projection on (100) 
had revealed only that  the four molecules, which 
must occupy special positions in the eightfold unit 
cell, do not have all their ring atoms in the mirror 
planes, and the general prospect for two-dimensional 
analysis was unfavorable in view of the absence of any 
short axis.) The coefficients of P(U, V, W) were taken 
as F 2 -  (Z'fi) ~ (thus removing the origin peak), Fg(000) 
was omitted, and the intervals of calculation were 
AU = / I V  = AW = 1/60. 

The situation of the phosphorus atoms was im- 
mediately obvious, with one in each molecule lying 
on a mirror plane, and the light atoms were found by 
trial and error; best positions were obtained by a 
least-squaxes refinement of P -P ,  P-C, and P -B  peak 
positions. All P-C and P -B  peaks were easily recog- 
nized, but because of overlap some of the B and C 
parameters were relatively uncertain. Most of the 
C-C, B-B, and B-C interactions lie in positive areas 
of the Patterson, but, except where several overlap, 
do not produce recognizable peaks. 

A preliminary set of structure factors was calculated, 
omitting hydrogen contributions and using James & 
Brindley form factors (International Tables, 1935) with 
B = 3.71 A -~. The value of R(XIFo-Fd+XIF,,I) was 
agreeably small, 0.326 for the observed reflections. 
Refinement was begun by diagonal least squares, with 
weights inversely proportional to [Fo[ for IFo[ >1 12 
and constant for IFo] ~< 12. Four stages of refinement, 
the two intermediate ones being on the smaller group 
of reflections with IFol >~ 15, reduced /~ to 0-19. 
Because the last refinement led to shifts in all cases 
less than the corresponding standard deviations and 
to an R value only slightly reduced from the preced- 
ing one, it appeared that  no further significant im- 
provement could be obtained by this method. At each 
stage, a least-squares adjustment of scale and tem- 
perature factors was also made; the last gave a scale 
factor some 6 % higher and a temperature-factor para- 
meter 3 % lower than those derived from the Wilson 
plot, perhaps because the hydrogen contributions were 
included in the Wilson sums. 

D i f f e r e n c e  m a p  

The three-dimensional difference series 

Ao~ (x, y, z) = (1/V)~XZ(Fo-Fc) cos 2zt(hx+ky+lz) 
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with x = 0[1/120]½, y = ¼[1/120]~, and z = 011/60]½ 
was calculated next. The principal features are peaks 
about 0.7 e .~  -a high and negative areas about 1.5 
e.A -a deep, a t t r ibutable  mainly to hydrogen atoms 
and temperature-factor errors. 

A typical  section of the map is shown in Fig. 3; 
a typical feature is the central depression and sur- 
rounding low positive ring at  Ca (lower left), which 
corresponds exactly to an under-estimation of tem- 
perature factor for this atom. No significant anisotropy 
is indicated: the three bumps on the positive ring are 
at tr ibutable to hydrogen atoms centered somewhat 
out of the plane of the drawing. The feature in the 
upper right shows somewhat the same behavior in the 
neighborhood of C~, while the peak in the upper left 
may  be a t t r ibuted to one of the boron hydrogens (Ha). 

For the sake of expediency in refinement of the 
atomic positions and temperature factors, the as- 
sumption was made tha t  ~ in the neighborhood of 
atomic positions can be represented by a Gaussian: 

0"50 

0.25 

z ~ 0-217 

~ [___~o 
y 0.250 

I I I 
0-375 0-500 0.625 0-750 

Fig. 3. The section of the difference map at  z ---- 0.217. Con- 
tour  interval ~ e./~-a; negative contours dotted. The zero 
contour is shown only in the neighborhood of interesting 
features, but  all the other  contours are complete, the back- 
ground fluctuations all being less than  ~ e .~  -a. 

with 

Here r is 

= Q0 exp [ - ( r - r i ) ' A ( r - r i ) ]  

1 9dV Z = q°~glAI-½. 

i ) '  denoting the center of at0m i, A is r~ 

b g , and r '  denotes the transpose of r. Now, if it 
f g c  

is assumed tha t  the isotropic initial peak shape is 
defined by ri = tic, Q0 = Qo, and A, = ~¢I, with I the 
unit matrix, the equations 

~x / r=rw= +2°¢p°Axi' (1)* 
. .  

* Equat ion (1) is given by Cochran (1951), equation (5). 

~x 2/~=re  +2~A~° = -2Q°Aa~ ' (2) 

( ~2/Ip~ 
~-x-~Y] r= r~ = -2e°Ad i '  (3) 

etc. give the required corrections Axi = xi-xic, etc. 
I t  is assumed tha t  the scale factor and, consequently, 
A~ ° are known. 

To determine an initial isotropic Gaussian approxi- 
mation, Qo was taken as the theoretical peak height 

1 
Qo = ~ .~, S~fo(S) exp (-flsP)As *, the sum being taken 

with As = g/10 over the range 0 to 23g/10 of the 
present data;  the normalization condition, Z = 
(z/~)~_~0, then served to determine the parameter  c~. 
Here, fo(s) is the assumed atomic form factor and fl 
is B/(1692), 0.0227 in this case. The resulting (tem- 
perature-factored) peak shapes are 

P:  ~(r) = 25 exp (-4-43r*); 
C: Q(r) = 6"5 exp (-3.32r9); 
B: ~(r) = 6.1 exp ( -3-60r  9') . 

I t  may  be noted tha t  these agree well with the actual 
transforms over a wide range in r, the important  point, 
however, being agreement of the curvatures at  the 
origin. 

We have seen above how to correct the parameters 
of the assumed Gaussian peak shape by evaluating the 
curvatures of A~ at  the atomic centers; it  remains to 
be shown how corrections to the temperature factor 
may  be obtained. The complete Fourier transform of 
the isotropic Gaussian is, of course, of the form 
f'(s) = Z exp (-s~/4~). Consequently, if the condition 
1/4~ = y+fl  with 7 constant holds over the fl-range 
of interest, we may  write A(1 /4~ )=  Aft. I t  is not 
obvious tha t  this condition should be satisfied; it was 
verified for carbon, for which fl values of 0.00, 0.01, 
0.02 and 0.04 led to y values of 0.053, 0.051, 0.053 and 
0.052, and assumed to hold also for boron and phos- 
phorus. I t  seems tha t  the isotropic correction to fl may 
be estimated in this way to within the accuracy in- 
herent in the difference map. t 

The components of A were derived by application 
of equations (2) and (3) to the derivatives obtained 
from the difference map. None of the indicated aniso- 
tropies was more than barely significant, and only best 
isotropic peaks, defined by d = b = ~ = [A[~ and d = 
f = g = 0 to have the same heights as the actual 
peaks, were retained. The final isotropic fl values 

* Throughout  this paper, s is defined in the usual way as 
(4~I2) sin 0. 

t If  the peak is anisotropic with shape matr ix  A, the tem- 
perature factored scattering function is given by 

f(hkl) ---- Z exp ( - -¼SA-xS ') 

with S ---- (2zha*/2, 2zkb*/]t, 2~1e*/2). Then the temperature  
factor is given by T(h, k, l) ----- exp ( -  SCS')  with C = ¼A - 1 -  ~I, 
I being the unit  matrix.  
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(Table 1) t hen  followed from A(1/4~) -- 1 / (4~)-  1/(4~) 
= Aft. The average fl va lues - -P ,  0.021; B, 0.027; 

T H E  C R Y S T A L  S T R U C T U R E  OF D I M E T H Y L P H O S P H I N O B O R I N E  T R I M E R  

Table 1. Isotropic temperature-factor parameters 
Atom /~ (A s) Atom fl (.~2) 

P1 0.021 C a 0-040 
P~ 0.022 C a 0.043 
B~ 0-025 C 7 0.034 
B 6 0.029 C a 0-043 

and  C, 0.040--differ  s ignif icantly from the  s tar t ing 
value of 0.023 only  for carbon. 

The a tomic  shifts calculated by  appl icat ion of 
equa t ion  (1) were general ly small, the  largest being 
only  s l ight ly greater  t h a n  the  corresponding least- 
squares s t andard  deviat ion.  Table 2 presents the  f inal  

Table 2. Coordinates and standard deviations for 
P, C and B 

Atom x y ~ ~ (x) ~ (y) a (z) 
P1 0.2345 0.1281 0.0822 0.0003 0.0003 0.0003 
P5 0 -0712  0-2500 0-8818 0.0003 ~ 0.0004 
B a  0-1513 0.1244 0.9200 0.0011 0.0009 0.0011 
B 6 0-3236  0-2500 0.1236 0.0015 ~ 0"0016 
C a 0 . 1 2 5 7  0.0975 0"2102 0-0009 0.0008 0"0010 
C a 0 -3340  0.0199 0.0864 0.0009 0.0008 0.0009 
C T 0 . 0 2 2 6  0.2500 0.7155 0-0013 - -  0.0014 
C a 0 . 9 2 1 9  0.2500 0.9584 0.0013 ~ 0.0014 

values (from A~) for all parameters ,  as well as the  
s t anda rd  deviat ions  calculated from the  last  least- 
squares ref inement .  I t  m a y  be no ted  t h a t  the  average 
differences between the  Pa t te r son-de te rmined  para- 
meter  values and  the  f inal  values are for P, 0.003; 
B, 0.013; and  C, 0.007. 

All hydrogen  a toms were ident if ied despite overlap 
by  heavy  a tom residues, which precluded any  precise 
de te rmina t ion  of hydrogen  positions. The apparen t  
pa ramete r  values are given in Table 3. 

Table 3. Hydrogen atom parame~rs 
Bonded atom H No. x y z 

B 2 1 0.217 0.117 0.853 
2 0.075 0.067 0.933 

B 6 3 0-417 0.250 0.050 
4 0-340 0-250 0-233 

C7 5 0.083 0.250 0.677 
6 0.992 0.192 0.733 

c a 7 0.900 0.300 0.933 
8 0.925 0.250 0.033 

c 3 9 0.126 0.475 0.200 
10 0.083 0.358 0.233 
11 0.167 0.417 0.283 

c 4 12 0.367 0.458 0.167 
13 0.400 0.467 0.033 
14 0-333 0.542 0.083 

A final  set of s t ructure  factors was calculated wi th  
the  f inal  a tomic posit ions and individual  isotropic 

t empera tu re  factors, bu t  still wi thou t  the  hydrogen  
contr ibutions,  which seemed too much  work for too 
l i t t le  gain. The observed and calculated s t ruc ture  
factors are presented in Table 4. For  23 of the  249 
unobserved reflections, ~'~[ was greater  t h a n  the  
es t imated  min imum observable;  the  largest of these 
discrepancies was for (0 14,0) wi th  IF~I--3-2]Fo~m" ] -- 
10.23. The overall  R factor  is 0.169, being somewhat  
higher  for extreme values of sin 0 and  lower for inter- 
media te  values. Ex t inc t ion  m a y  well be the  pr incipal  
cause of the  errors at  low angles, as several high- 
in tens i ty  reflections had  IFol < [Fd. The discrepancies 
a t  high scat ter ing angles m a y  be due to  rem~.in~ug 
errors in the  coordinates and t empera tu re  factors as 
well as the  greater  abundance  of weak reflections, 
which have  inheren t ly  greater  re la t ive  errors. 

Hydrogen  contr ibut ions  to the  s t ructure  factors are 
cer ta inly  no t  insignificant  here, and thei r  addi t ion  to  
the  calculated s t ructure  would undoub ted ly  lead to  
some improvement  in the  value of R. For  these reasons, 
i t  is felt  t h a t  this value of R is sat isfactory.  

T h e  s t r u c t u r e  

A drawing of the  molecule is presented in Fig. 4, and  
Table 5 exhibits  the  i mpor t a n t  in t ramolecular  dis- 

Fig. 4. Diagram of the molecule. Unlabelled atoms are related 
to labelled ones by reflection in the mirror plane, which 
passes through Ps, Bs, C7, Ca, Ha, H4, Hs, and H 8. The ring 
has the 'chair' form, and the methyl groups are oriented 
so that hydrogen atoms 8, 10, 5, and 13 are directed toward 
the molecular threefold axis. 

tances. The s t andard  deviat ions for the  individual  
distances are those calculated from the  least-squares 
s t andard  deviat ions for the  coordinates;  the  est imates 

of the standard deviations 0f the mean for each group 
of similar distances are the  in terna l  estimates,  as- 
suming t h a t  in each group the  distances, a l though 
crystal lographical ly  distinct,  are measure.men~ of the  
same quant i ty .*  The s t andard  deviat ions for the  
distances involving hydrogen are, however,  the  ex- 

* By reasonable statistical significance tests, the distance 
P1-C4 and the angles involving C 4 appear to be different from 
others in their respective groups. However, there seems to be 
no reason why the position of C 4 should deviate so much from 
the ideal molecular symmetry, and it is presumed that the 
determination of this position is in error. 
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Table 4. Calculated and observed structure factors 
+ d e n o t e s  e s t i m a t e d  m i n i m u m  o b s e r v a b l e  v a l u e  f o r  u n o b s e r v e d  r e f l e c t i o n s  

,, ,, i ffQI ?~ i j~ '~ 1 iFol F o ~ ,~ i i~ol ?~ • h ,~ i I~ol ?~ 
. I I 
0 0 2 @9.0 ~2.7 0 8 8 5.9 - 5.1 1 2 ?.8 - 5.5 i 10 9.0 + 2.1 

~a,8 ~9.? ~7.1 # 598 - 7 5 . o  lO ~ 5~.51 el 1~.5 ~o.o 
6 81.5 -83.? o 9 2.7 4.O 6 6 .0  7.) 6 8i.5 -85.7 
8 15.9 -n;7 3 2,.1 -25 .9  ? 11.6 -10.0 
i0 2@t8 ~216 75 17.5+-15.0 8 #.@ 7.5  

0 1 1 # . 2  - 2.~ ' 6.6 2.6  8.7+ - 6,9 
5 6 . 9 - 1 5 . 5  9o i5.5 155 ig - 1.? 
75 20.o-aT.o il 7.9+ 26.5  -2~ .0  0 I0 7.5 0.9 

6.8  + - 0.# 2 8.# - 8.6 i ~ ~2.~ -60 .6"  
9 25.0 2#.6  # 18.5 19.2 2 ~5.5 -~2 .6  

n i~,6 i~,~ 6= 6.8  7.2 5 #.5 - 9 .2  
o 2 v ,2.~ -~7.6 ' ~ ~.8 - 8.6 @ 1.9 - 5.9 

2 6.6 - 0.I 0 ii i 16.9 .22.~ ' 5 16.0 17.~ 
22.6 25.7 ~ 17.7+ -22.0 6 16.0 17.6 

6 5.1 o.~ 5.6 - #.o 7 #1.8 #5.1 
7 .5  + 2 .0  i 23.5 -20.0 ?0 8,o  lO,8 8 

1 6,@ - 2t6 ' o 12 15,o - lO .3  " 9 9.5 7,0 
0 3 63.2 -96.1 2 15.#~ -16.9 i0 I0.i -11.2 

~.6 -51.6 # #.9- 2.5 ~ 11 1@8 -15.~ 
5 19.5 -18.0, 6 n,6 19.5 i # 1 6.~ 2.o 
7 i~.9 22.1 o i~ 1 6.~ = . ~  2 27.2 #7.8 i~.2 1~.8 5 7.# o.5 

ii.0 -15.@ 
9.6 -15.5 

5 22.5 -27.5 
1 8 , 8  2 0 . @  

8 16.6 -15.4" 
7.~+ - 2 .#  

9 7 .2  5.5 
10 5 .8  - 6 .2  

1 8 1 18.6 2#.@ 
2 28.1 -51.7 
3 5.5 - 5.5 
# 51.# -29.5 
5 16.9 -18.9 

9.6 - 6.5 
6.9 + 1.6 

8 17.5 16.6 
9 2.9 #.8 

i 9 i #~.5 45.5 
18.2 i@.8 

i 7.1 + - 5.2 
-0  # 15.2 -25.8 

2 12.# -25.1 
i # 5.6 - ~.8 

6 5 5 . 9  * i . 7  
I 8 5 i . 7  59.# 

io 6.2  - 7.0 
o 5 1 27.5 #5.# 

36.O #9.1 
5 12.8 i0.5 
7 2i.5 -i9.7 

11.8 -I0.7 
i 6.6 + i.~ 

o 6 59.9 - ~ 9 . ~ -  
2 17.0 16.# 

9.9 12.1 
6 7.7 - 2.5 
18 i#.I -15.6 

: 7 .0  + - 5.8 
o 7 i 1.7 - 5 .8  

5 6.6 - 6.@ 
5 16.8 12.5 
7 6.7 5.1 

o o ,O g : ~  - = . 1  10@.8 
2 25.2 31.i 

5 5 . 6  - ~ 5 . 5  
6 ~5.2 .-~6.0 

i i Fo l  ; c  

2 7 9 9.5 7.9  

2 8 lo° ,t:~ . ,g:~ 
1 13.1 15.9 
2 2 5 . 9  -25.7 
3 15.3 16.9 
# 13.9 13.6 
5 lO.5 - 9.5 
6 51.2 30.~ 
7 9.8 - i 2 . 5  

16.@ 18.2 
6.5  + 2.5 

2 9 0 11.2 -12.6 
1 5i.5+ 5 1 . 5  

#.5 - 5.7 
#6.7 ~9.6 
I#.0 15.0 

5 10.2 9.5 
7.5 7.7 

8 16.8 -16.0 
6.5 + - #.0 
10.9 

2 ~0 ~.5 + - 8.1 
16.8~ -15.1 
4-51 5.7 

5 5.0= - 2.9 
# 5 . 6 "  2.7 
5 7 . 3 +  7 . 7  

6.2 - 1.8 
8 5.8. 7.8 

6m 0~ - 5.5 
2 n 'o  5.5+~ 

el 2.9+ - 1.9 
#.5 1.7 

5 8.# 8.# 
# 8.# - 7.5 
5 12.5 9.7 

2.8 i.~ 

12 ~ ,~:~" ,6,°'# 
5.8 + 6.5 

2 i~.# 12.7 
5 8.# 8.5 

15.0~ -i#.9 
5.2"  - 6.2  

215 _-2°'5o,# 
i 9.2 - 1.0 
2 8.1 7.1 
5 II.5 -10.6 

17.6 21.# 
#.7: 5.# 

0 1@ 0 5.2" -i0.2 
2 ~.0 + 5.5 

I 0 i 59.8 56.6 
2 81.1 -96.1 
5 17.1 -i#.5 

50.6 - 5 5 . o  
25.1 -21 .2  
26.5+ -17.0 
6.8 0 @ 

8 ~.9 5i.8 
9 12.8 8.9 
i0 25.6~ 21.2 
Ii 7~# ~ - 0.5 

i i i 77.2 -i01.5 
2 @2.1 %6.0 

32.7 25.0  
~3.9 28.8 

5 55.9 55.6 
" ~.# -29.# 
78 51.~+ 2 8 . 9  

7.5  2 .0  
9 i0.i - 7.# 
i0 9.1 8.2 
i i 12.2 -ii. 

i 2 ~U~.8 -.50.~ 
2 26.2 -25 .6  
5 7.2.9 1.5 

h k i ffol Pc 
2 i5 # #.5 + i.1 

5.0 - 5 . i  
3.3 + - 2.0 

• 5 5.0 - ?,2 
5 0 i ~.8' 8.2 

2 73.6 9#.i 
5 7.1 2.8 
# 7 5 . 8  5G.5  
5 i5.5 - i o . 2  
6 58.2 -52.8 
7 20,5 26.2 

51.o - 5 i . 7  
8.0 + 2.# 

i0 1#.5 -13.6 
II 5.5 - 5.6 

5 i i 5~.8 28.7 
i 1o.5 .6 

25.~ 29.5 
7.5 3.i 
11.5+ - 9.~ 
6.5 - 0.9 

29.#~ -31. i 
8 7.7 ~ - 1.5 

7.8 + - 1.5 
Ii 16o 1## 

i I . 8  1 1 . 8  
5 2 ] 2 . 9  6.@ 

2 ~ 5 . i  - 5 5 . 9  
~:i 60 

- 0.8  
5 5.9 + 1.5 

26.3 25.8  
8 lO.5 -ii.5 

8.7 8.5 
9 5 . 5  - 2.6  
io 8.0 - 8.5 
ii #t2 2.7 

~ 1 ~.7 # 9 . 7  
2 #.8 5.6 
3 lO.9 -13 .#  

1 7 . 5  . 1 5 . o  
5 #9.9 -~.6 
6 15.6 9.8 
7 6.9 - 5.5 
8 i . #  - 5.2 

190 8.5+ 8.6 
7.7 i.7 

11 6 .6  8.1 

# 29.7 2 8 . i  
5 19.1+ -13.# 

6.5 - i.# 
7 2#.I 23.6  
8 25.7 -25.0 
9 #.6 5.7 
lO 156~ :~.~ 
ii 6.9 ~ • 

1 5 1 51.9 ~.6 
2 55.5 55.5 

i5.5 i 6 . i  
19 .o 16.2 

5 2 i . 2  - i 9 . 5  
21.9 -22.0 
55 • 5+ - 3 5 . 0  

8 7 . 5  - i . o  
9 8.6 - 9.1 

i0 8.2 7.9 
i i 15.1 15.c 

1 6 25.2 -28.8 
2 16,6 -i#.~ 

11.9 10.9 
20.5 -15.6 

5 1%1 15.7 
12.5÷ " 11.1 
7.0 - #.0 

8 5.1 #.9 
9 6.5 - 7.8 

I+ 1 59.5 55.@ 
2 22.9 -25.5 
5 9.7 - 8.5 
# #5.5 -5i.8 
5 32.6 -~.0 
6 .59.5 -23 .1  
7 i 7 . ~  -15.8 
8 19.# 18.1 
0 5.9 2 .8  

i 26.9 28 .0  
ii 8.# 6.5 

5 1 #9.8 -5i.i 
2 12.8 -12.2 

16.1 17.6 
5.7 - 5.3  

5 #2.1 @6.0 
6.8 + - 2.5 

78 i5.5 12.o 
5.9 5 . 6  
8.8~ - 9.5 

i 7 , 2  ~_ 1.5 
5 6 #.5 + 0.0 

i0.7+ -i#.7 
5.0 - I.i 
5.6 + 1.7 

i 15.0 10.7 
22°6 25.2 
io.7~ -io.7 
7.~ ~ o.i 

9 5.i - 0 . 5  
I0 9.0 - 8.1 

5 7 1 15.2 9.7 
2 i~.~ 8.9 , 1~ :~  .18.1 

- @.8 
5 5.0 #.5 

6.8 + 0.% 
7 19.5 18.6 
8 #.8 ~.7 
19 I0.7+ i0.@ 

6.5 i.I 
5 8 1 9.6 - 9.2 

2 @0.# 54.6 
5 .9 - 5.5 
# 5 5 . 2  5 5 . o  
5 5.8 2 .5  
6 i5.8 -15 .9  
7 12.# 1#.9 

18.1+ -21.9 
6 .5  2.7 

i 2 # . 8  23.9 
# .7  + ~.8 

# 5.1 7.0 
5 38.6 38.7 
6 15.2 -ii.8 

19.5+ 16.5 
6.6 - 2.6 
@~I - 2t6 

1 i0 1 8.8 -IE.@ 
2 ~.~+. - 0.7 
5 @.7 ~ 1.9 
# 6.6 6.9 
5 1 # . 1  1~ .7  

6 .2  + 2 .0  
6.# - 6.6 
6,0  + 0.0 

1 11 17.9 -16.2 
2 9 .5  -L? .2  
3 ~.7+ - 5.1 

5.2 1.8 
5 9.5 .8.7 
6 9.0 9.7 
$-] 

1~)li+ 16.5 
5.0 ~.9 

2 18,8 19.9 
6.6 - # .6  

6 5 .2"  ~.5 

h ,~ i I%1 % 

5 9 1 i 9 . 7  i 6 . 1  
2 7 . )  - ) . 7  
5 7.5+ 9.5 

5.9 #.# 
5 7.9+ - ~.8 

6.6 ~.9 
8 21.5+ -22 .6  

6.5 1.7 
~? - 6.9 
L~+ _--Tr- io 

2 21.2 -21.0 
5 5.9 #.5 

5.9+ - 5.7 
6.0 i.@ 

ii.i 10.6 
6 . 2  + - . 5 .2  

6 .8  
n 16.6 19.2 

@.9 + - 1.9 
1.9 - 6.9 
5.6 5.0 
16.5+ -19.7 

i 5.7+ 2.5 
5.6 - 2 ,6  

5 12 i Ii.7 i}.2 
2 ii.2 -i0.5 

#.9 + - 0.6 
16.0 -16.7 

15 6 
816 ~0~ 

20.9 -Zl.O 
1.9 - ~.2 
5.7 6.# 

k 1 IFol  Fc 

I 9.7 12.8 
i 15 2 6 . %  lO.5 

5 ~.o~ 5 .8  
# #.5 5.6 

Ii,5 -lO.51 
1 i #  2.~' .  - ~ .8  

}.0~ - 5.7 
5 . 5 "  5 . 5  

2 o 85.8 -7~.5 
2#.8 18.5 

2 51.8 -58.~ 
78.9 59.6 ' 
5 7 . 0  5 0 . 5  

5 19.5 -18.2 
6 58.5 5i.8 
7 28.0 -R~.7 

50.7+ 28.7 
8.0 ~.8 

io  7.5 - 8.5 
n ~.~ #.9 

2 1 0 ~G.I -6~.7 
1 61.9 73.5 
2 28.2  12.0 
5 65.# 69.6 

25.9 2#.0 
5 20.8 1#.5 
6 1@.9 18.# 
8 28.# -2~+.9 

7.5 + - 5.7 
9 17.6 -I~.2 ! 

lO i_o.7+ - o.7 
ii Y.3 0,2 

2 2 0 59.9 -~6.~ " 
27.5+ -27 .#  
5.8 - 0.7 

5 15.o 2 .6  
# 7.9 ii.i 
5 26.i 22.0 
6 10.9 7.# 
7 15.1 i#.9 
8 5.# - 6.6 
9 6.5 6.7! 
10 2.9 - 5.8 
11 9.8 - 9.2 

2 ~ 0 56.9 -~5 .2  
I 15.6 - 8.2 
2 6 .2  1.8 

26.~. 28.0 
# 2~.2 -22.2 
5 28.5 25.5 

h k 1 iFol Pc 

# 1 2 30.5 20.6 
5 6a..8 -56 .5  
# 28.5  2#.0  
5 1@.9 - i 6 . 7  
6 8.7 - 8.8 
7 1#.2 1#.8 
8 21.8 -25 .8  
9 15.2 17.i 
io 5.6 - 2.7 

l ii 9.1 8.2 
#" 2 0 2~.~ -1~ .8  

1 28.6 -28 .6  
2 15.5 9.8 

5 2 . i  -25 .7  
6.9 - 7.7 

65 i o . 7  8.5 
?.7 5 . 2  

7 18.5 .18.8 
7.9+ 5.9 
7.9 1.2 

I0 2.% - 1.9 
Ii 6.1 - 6.5 

# ~ 0 ~6.5+ ~5.9 
el #.7 - 9.9 

2 . 8  2 .2  
56.8 -~0.I 

# ~.~.o -57.o 

h ~ i IFol ?c 

2 ~ 6 6.9 6 .1  
8 7.0 - 0.8 

17.2 17.2 
109 25.5+ -21.5 

7.8 0.6 
1 .# .1~ 8~.8 _15.#~ 2 # i06.~ 

l #8.# #7.8 
52,2 51.6 

5 20.5 18.8 
# ~ 2 . o  - 5 5 . 5  
5 8.5 -n.7 
6 #5.# . -~7.1  
7 16.3 -20 .0  

12.2+ -ii.# 
7.8 - 0.# 

10 12.# 12.2 
Ii 8.0 8.~ 

2 5 19.2 ii.7 
1 9.7 5.5 
2 20.8 19.5' 
5 27.6 -25.? 
# 7.6 6.1 
5 25.9 -21.8 

15.~+ -11.2 
7.2  0.9 

8 13.1 -I@.8 
1'o ~ .  209 

. - 1.5 
ii 12.8 12.~ 

2 6 0 ~5.2 - 3 6 . 8  

~ 9.15"5 - ~:~i 
5 15.1 -16.5 
# 16.0 11.6 
5 i 5 . 9  i7.i 
6 i~.5 1o.2 

15.~+ 15.9 
7.+ - 5.5 

9 7.8 - 6.0 
2 7 ~o #~:o - # . o  

#5.0 
i 2#.9~ -5i.7 

#.0 ~ - !.# 
27.8  - 5 5 . 9  

# 17.o -17.7 
5 9.1 - 5.7 
6 15.# -16.1 
7 15.7 1#.9 
8 1.9 1.8 

FC 

# 5 5 22.6 21.~ 
6 22.0  21.E 
7 1#.9 -10.~ 
8 8.5 - 8.~ 
9 22.5 -21.c 

InO 9.? - 8, = 
# 6 ~ 18.9 15.~ 

1 21.8 -17.~ 
2 6.5 - o . ]  
5 12.7 -12 . ;  

7 .5  - # . "  

6' ~-~. ~.: . - 2 . t  
8 i0.5~ 12.~ 

7.#~ O.C 
9 7.2= - 1.:  
I0 615 ~ i.{ 

i 7.5 8.; 
2 8.0 -13.: 

55.2 #2.~ 
i#.i -!5.( 

5 9.8 i0.; 
8.0 8.~ 

8 7 . 9  -1o.~ 
i#.2 17 .; 

9 6.~ -ii.; 
5 P2.0 -17 .6  • # 8 0 23.@ 2#.2  

5 15.0 - 12 .8  6 19.8 -17 .9  1 13.5 15.5 
7 13.2 10.5 2 15.4 10.7 
8 lO.7 11.1 3 15.o 1#.3 

19,, 1 7 . 3  17.1 # 9 .2  - 6 . 5  
9.9 7.8 5 6.0" %.2 

.? 3,51.7+ 51 # ~l~v ~.~8'° 6199 -19# ,1; ~:~ ~:i 7 92 ,1 
# o 2o 5.5 el 6.1 #.9 ~ ~ .#+ lO~ #2.5  -42 .1  6 .2  - 2 . ~  5.) 18.~ 

1 17.7 21.6 5 • 11.8 . i i . ~  # 9 0 6 .9  - 9 . 8  
2 50.5 26.9 # 52.2 32.9 1 i#.5 -17.# 
5 15.1 15.# 5 21.0 -18.9 2 19.~ 7.5 

19.2 -I#.5 6 25.2 52.0 3 27.9 -28.5 
9 .5  - 9.7 1 7 lO .1  - 7 .#  # lO.# 15.1 

6 ~.1 -28.6 8 9.6 7.3 5 9.1 -ii.7 
7 18.1 -17.8 9 16.6 ~0.i 6 5.7 - @.0 

15.8 -13.8 10 6.9 - 5.9 ~ 5.5 8.5 
2.6 - 2.2 ' @ 5 o 53.7 -59.4 = ~ II,7 -15.5 

i 28.5 @ I0 - 9.1 IO 1.7 5.1' 27.8  0 8.9 
lo~ ~:~ ~:~ 2 5.~ _ 8 . 2  1 7.5 lO9 

l- ~ i Z --Z ' ~ #i.0 55.8 2 9.0 # . 0  
1 6.2 -I~.5 . @ 55.2 56.8 3 10.5 - 9.9 

ternal estimates,  no reliable est imates of the errors in for angles involving hydrogen bonded to carbon; the 
the  hydrogen coordinates being available, deviations from 109½ °, a l though appreciable, are prob- 

Table 6 similarly exhibits  the bond angles calculated ably not  experimental ly  significant. The immediate  
for the structure.  The standard deviations of the means environments  of the P and B atoms appear to have 
are again the internal estimates.  No values are given C2, symmetry.  

A C 8  1 5  



2 0 4  T H E  C R Y S T A L  S T R U C T U R E  O F  D I M E T H Y L P H O S P H I N O B O R I N E  T R I M E R  

h ~ i Fol Pc 

4 i0 4 6 .0  + - ~.? 
5 6,2 + @.3 
6 5.i 4.3 

4.8 8.6 

ko; - 6.1 
1.4  

10.5 - 11 .4  
4 ii.i -14.@ 
5 7 .1  - 7.@ 

5.9 - 6~6 

@ ,, ~ 1,:~: 2o,3.7 
4 .8  ~ - 9.@ 
5.6 + - o.3 

4 8.6 9.9 

9.9 II.S 
2 6.9 - 4.2 
3 14.0 13.6 
i I0.0 12.9 

8.9 6.9 
' 5 0 10.8 - 7 .2  

13.9 -18 .3  
23.8 20.0  
41.9 -%5.1 
14.? -10.3 
22.2  -20 °2 
15.o -12 .4  

8 16.9 16.9 
11.2 -!i.~ 

1 2~11 26~6 
' ~ 1 ~ 0 . 7  - ~ 2 . ~  

28.8  -32 .~  
S.8 6 . 8  

@ 23.5 -20.0 
5 ~9.9 56.9 
6 7 . i  5.5 
7 9.O 4 .7  

7 . ~  9.7 
~.5+ - 5 .5  

2 8.2 -i0.i 
9.1 -10.6 
6 .2  + 2.@ 

5 7.~  - 7 . 5  
6 25.0  22.2  
s i i . 3 =  6.9 

? . 9 -  - 1.4 

h k 1 FOl FC 

5 2 9 5.9 7 .5  
i0 l 816 - 8tl 

2 7 .2  8 .0  
i 7 . o  - i 5 . 2  
18.7+ -!@.2 

5 6 .8  @.2 
7.3 + 0.@ 

8 i@.5+ 14.8 
7 . 9  0.8 

IO.i 8.3  
i 11.2 Ii.I 

5 @ ~9.1 -4~.7 
70.6 74.3 

6.e  7 .5  
49.2 55.1 
~.5 31.2 
19.@ -?."0.4 
4.9 8.9 

8 28.7 -26,8 
9 ~.4 - 6.0 

i o  p,~ -~6 
~ ~ %:~+ :~ 

~ 5.~ 8:2 
IC .6 12.@ 

5 7.@ - 6.9 
5.3 3.7 

6 21.9 -21.3 
5.5 - 5.~ 

9 ~.2 - 5.7 
lO lg:~ . l O 4  

~ 17.~ 
21.9 - i 9 . 2  
1~.8~ -12.?  
6.5 ~ 0.6 
~.~ - @.6 

i@,}+ 13,0 
7 .@ 0,2 

8 10.2 4.5 
I 6~6 ? .5 

5 7 2~.9 2~.5  
I~.9+ 21,2 

? .1  - 4 .~  
4 14.5 14.6 
5 25.7 -R7.2 

6.3+ - 5.5 
7..5+ 2 .8  

8 7 ,0  6 .9  
8.2 4 .0  

9 8 7.1 0.S 

I 

7 5 ? 12.2 9.3 8 0 9 1~,~) -17.5 
8 12.5+ 12.9 " 8 I 0 20.6 19.4 
, 16,~o, o,4 1 218 -215 

G I0.7 2 12.9 9.4 
2 2.9 2 .1  ~ 5 . 8 - ~ . , [  ~ 31.2 -~ .2  

i8.5 -17.5 
7.3"  0 .3  

65 9.3 9.0 65 7.2- 3.5 - 9 • 6. -ii.2 

• .i 2.3 78 12.~+ n.6 
8 8.3+ 7.5 7.@ 1.3 

6~8 - 0?6 ~ I0~ 6~i 

7 7 2 5.~+ 5 . 9  7 .3~  2 . 2  
7 .0  1.6 7 .4  0.9 

@ 9.1 -]i.i ) 7 . 7  9.1 
5 3 .9  5.6 14.9 -I~.O 

• 9 . 9  - 7 . 2  ~ 6.8 - 3.8 
8 10.6 12.1 

7 . 8  + - 5.2 
6,--2~,~ ~ 8o÷ 05 

7 8 ~ 2 5 . i  i 8.3+ 9,6 
15,@ 16,3 6~6 o~1 

) @,6 7.4 ' 6 b 10.4 9.9 
19.0 18.6 i 5.7 - 5.6 

6, 1::~: lI: ~ ~ 1~:~: 49 
2 .0  

F 6 . Y  5.9 4 7.7 4 . 3  
8.2 8.9 ~ 14.5 -12.1 7 9 

i 6.7+ 2 .9  76 5 11.5.7.7. " 8.7 
6,6  1.6 2 .6  

4 9.4 10.6 8 ii.4 8.5  
5 4 .6  - 7.5 8 4 o 50.5 ~ 6  
• 8.7 8.5 , A 12.4 -13 .5  7 lO ~ 9 9 ~ .4  a 14.0 

6.- - 0 . 2  23.7 - ) 0 . 9  
6.6 - 7.3 4 22.7 25.2  

4 7.9 - 5.6 5 2.9 - 7.9 
5 6.1 - 6.? 6 20.8  ~.5 

7 11 1 ) . ~  6 .5  7 6.5+ 11.2 
12.8 18.5 8 i 6,~ 0,2 5.7 + - 0.@ = 8 > o ~.0 6.5 
6.0 9.9 1 7.3  + 2 .2  

5 ~,0 + - 0,~ 2 5.1 
o 0 8.5 1~.0 :5 8.4 G.3 

21 20.$10.2 ~0.~ 1 2 . 9  ~ ~.9 $ .~  
~ ~.111.8 ~.~i  -, 11.5 11.5 _~ 9.8 7.@ 

7.1 + 0.6 
3 ~ . 7  21:6 ~ ~.o ?.~ 

16.6 -16.6 : 8 6 0 19.0 13.3 
7 9 . 0  - 6 .5  I 7 .4  3 .1 
8 19.8 -18.9 2 9.9 7 .3  

Table 4 ( c o n t . )  

5 8 2 i 5 . 6  -16.@ 
3 7 . 9  8 .8  
@ 2@.5 -26,4 
5 7.3 - 4.5 

12.9 -14.5 
1~.5 -i0.8 

8 Ii,~ i~,9 : 
5 9 I 20,2  - 20 .2  

2 14.@ -18.9 
3 4.9 6 . 6  

7 . i  - 7 .~  
1~.3~ i 7 . 7  

6 6.6 ~ 0.9 ' 
?8 6.7 6.~  

.1 .6 

5.9' - ~,.7 
6,0"  - 4.% ; 
G . 2  o.~ 

5 6,3"  - @.9 
6 6 .8  11.9 

5.6+ ~.5 
5.7+ - 5.0 
5.7+ - 3 .6  
5.7+ - 1.6 
5.6 - 2 .1  

5 12 1 I~.9 -15,8 , 
2 20.@ 27 .6  
5 5.2 + @.9 

15.0 16.5 
12.2 9.9 ' 

i~ ,I 7.3~ S.l 
2 ~.61 2.5 

2.2 
~'/.8 -~4.6 

I 6.@ ?.) 
28.7 - 2 2 . ~  
53.4 - ~ . 3  

4 26.@ 25.2  
5 17.4 -~7 .5  

20.0 21.1 
7-9  + 2 .9  

8 2.~  0.0 
9 9.7 14.5 

IO 4.6 - 6.~ 
6 i 0 ~0.0~ -24.0 

i 5.9 ~ 1.5 
2 15.o - 9 .7  
3 11.9 7.9  

,h k 

• 6 I 

2 

4 

5 

r b 6 

i ll'ol Fo 
@ 19.o 15.5 

28.5  25.5 
17.7+ 13.3 
7.9+ 2 .1  

8 8 . 0  - 0.7 
19.% ..21.~. 

i 8.0 - 4.0 
~.~ ~.;" 

I ii.i - 9.2 
2 16.6 I@.@ 

12.7 - 7 .3  
20.0  -19 .9  

5 4 .2  5 . 7  
8.6 - 9.1 

8 9.7 6.9 
6.0 6.2 
7.7 + - 2 .5  

1 2 .2  3.1 
~.2 8.4 

1 3i.3 30.8 
2 22. 7 -18.6 
3 ~.3 5}.i 

5.6  ~.5 
@.5 3.@ 
8.5 6.7 

17.5 -18.8 
5.8 6.4  
8.5 - 7.@ 

1~ 6 . 1  l t l  
19.6 21.5  

i 18.7 20.@ 
2 12.9 10.5 

~.~+ 58.7 
6.9 l 2.~  

5 8.6  7 .o  
6 25.8  -22 .1  
7 i 4 . 5  - i@.8 
8 19.1 - 1 6 . 2  
0 I0.7 -i0.5 

3.5 5.i 
i 37.8 - 3 3 . i  

9.3 9.9 
51.5$-56.5 
6.9 - 0.8 

5 7.i - 6.4 
6 5.5 - 8,3 
7 21.5 19.9 
8 5.@ - 7.8 
9 9,8 I0,@ 
0 i~.~ i~.8 
i i T . i  - i 7 . 2  

,, ~" i ffol ~c 
6 6 2 8 .2  6.8 

@.3 - 2 . 9  
14.4 -12.@ 

7 . 3  + 1.3 
6 7.@ - 2 . 2  
7 @.8 5.6 

2.@ 7 .0  
6.5 + 0.8 

6 7 0 ii,0 12.6 
1 6.3 + - 2 .1  

7 . 3  7 . 1  
11.1 - S.l 
11.2 -i0.6 
19.3 -18.1 

1~:~: _ 128° 
8 6.? ~ 1.4 

6 8 0 28.9~ -30.7 
1 6.3" - 2.1 

11.2 -i@.5 
3 14.4 -17.0 
4 14.8 17.9 
5 9 . 1  - 1 1 , 9  

13.0 15.9 
6.7 + 1.5 
6~2 + 0 .5  

9 0 21.0 -21.~ 
6.3~ 0.7 
6.3 ~ - 1.% 
7 . 3  5.~ 

@ 8.9 7.0 
5 14.5 ~5.o 

9.9 9.3 
6 . 2 "  1.5  

6 i0 0 12.6 14.7 
1 6.0' - i.I 

6.0 6.0 
6 .2  ~.o 
8.8 - 9.9 
6.2  + @.2 
416 

6 1i 5.7 + 1.4 
1 10.2 12.1 
2 3.5 - 4.5 

~o 1~:~: _19801 
5 . 6  0 . 2  
6,8 6.0 

i 6.8 11.5 
2 4 . 7  3.9  

L -- 
h ~ 1 Fo l  ~c 
7 o 1 45.3 -41.5 

2 )0.8 2@.3 
3 7.9 8.1 
@ 31.1 2@.1 
5 35.~ 31.9 
6 8.1 6.0 
7 5.3 4.5 
8 19.4 -14 .2  
9 ? .?  - ?.5 

• 1 i 15.2 16.7 
2 2 .6  - 2 . 8  I 

7 . 0 + -  ~ 7 
" 17.~ 1~:81 

2 . 8  - 7.5 
9.7 -16.9 

6 .6  - 6 .6  
9 2.2  0 .2 .  

7 2 1 20.2 19.1 
2 6.8 + - 0.7 

12.2 -12.6 
@ 14.8 - 9.5 
5 12.~÷ - 9.1 
6 7 .9  0.5 
7 6.7 4.3 
8 2 .4  0 .0  
9 12.5 8.8. 

7 .,% '1 17.6 20.4 
2 41.0 41.6 
3 7.0 + - 2.8 
@ 31.1 26.8 
5 14.7 -12.9 
6 16.1 -12.2 
7 ]3.0 - 8.9 
8 11.8 -12 .2  

7m O+ 0,~, 
7 4 i 4.5 - 7 .4  

2 @0.2 -@o.1 
12.6 15.4 
24.1 -2@.0 

7.71 - 1.7 
7.8 ~ 2.1 

7 12.8 -I0o7 
8 19.6 19.3 
1 L~.4 - 9.0, 

2~.8 -23.8 

4 18.9 - 1 9 . 7 1  
5 21.3 19.8 
6 9..8 7.8 

l l , 

i i i 
8 6 3 8 . ~  a . ~  . i9 2 2 1 0  0 1 1 0  9 ~ ~ +  _ ~ 23.3  - 24 .7  

2 ii.7 -ii.8 
3 35.8 -33.6 

15.7+ 12.1 
7 . 8  - 2 . 8  
18.4 16.4 
12.6 15.7 

i0 l O 11.6 -12.8 
i 4.3 1.9 
2 8.0 - 4.6 
3 6.7 4.5 
4 6.2 - 5.0 
5 5.6 4 .7  
6 7,8 9.9 

6,~)" - 0.~ 
i0 2 0 2 .4  0,8 

i 8.1 5.3 
2 2 . 9  - o.1 

11.9+ 10.8 
7 .8  - 2 . 2  

5 i0.0 - 9.1 
7tl + OmO 

zo ~ o 22.7 -2~.) 
1 9.6 5.2 
2 3.3 - 6.1 
3 13.9 8.5 
4 16.2 15.1 
5 2 .8  0 . 8  
6 10.8 12.5 

i0 @ 0 12.4 15.9 
1 @.9 5.0 
2 6.~ 8 .6  
3 10.5+ 5.4 
4 7.5 - 4.4 
5 19.7 16.5 
c. 

10 ~ 18.7 19.~ 
1 ~.8 - ~.6 

7 . 8  8.5 
12.@ - 7.9 
16.o 'i@,8 
6~9 + - 0.9 

io b 

7.3+ - 0.8 
7.i+ 4.4 
6.9 - I.i 

5 7.? - 7 , ~  
io 7 o ~.8 5.8 

i 1.9~ - 0.5 
6.9 ~ i.i 

8.3 8.9 
17.1 -15 .3  

5 5.1 - 1.9 
2.9 - 3.0 
1.9 - 4.7 

8 7 0 10.2 - 9.0 
1 i@.8 16.0 
2 2 .9  - @.2 
3 17.2 17.9 

10.6 I0.0 
7 .2  + 2 .0  
3.7 4 .9  
3 .8  

8 0 7.0 + 6.1 
i ii.0 11.4 

3.7 5.9 
19.1 18.3 
4.3 3.7 
13.5 13.1 

6 9.2 -Ii.2 
8 9 0 18.0 15.5 

1 12.7 - 8.8 
6.1 6.9 

19.1 -19.1 
11.8 -II.i 

5 5.9 - 1.5 
8 i0 o 5.9+ 9.6 

1 6.2  - 0.5 
2 . 8 ~  - 1.5 
6.01 I.I 
s j  I - 

8 1 1  o ~ . % - = ~ . i  
5.6+ 0.4 

2 5,4 1.8 
9 o 1 I~.4 16.9 

2 27.6 -26 .5  

9 2 

lO 7 : 3  6 .6  + - z . o  
4 @ . 6  5.1 

i0 8 0 11.2 -16.2 
21 15.2 -13.6 

• @ . 7  - 7 .3  
21.3 -22.5 

11 o 21.~+ -20.1 
2 7 . 8  - 3 .0  

11.9 1 .2  
16.4 8,3 

9 .0  + 14.o 
11 1 1 15.0 17.2 

2 15.9 15.7 
7.1 - 7.1 
7 .8  + 9.9 

14.6 -1~, .3 

11 2 1 ~::: 1 . 6  
- 1 . 5  

~:k  lO8ol 
7.3+ I.i 
6.9  0.0 

11 ~ 1 7.7+ i.i 
2 8.3 6.5 
4) 9.7 9.0 

10.2 6 .5  
5 ~,6 + - 1 .8  

i l  @ .1 9.7 18.3 
6.1 -12.@ 
7.z~ o.o 
6.7 ~ - 4.61 

1] 5 1 ~.8 - 0.8 ~ 

i 5.8 - 5.8 
1016 - ?.], 

ii 6 6 . 8 + ~  
0 10.3 I0.5 

12 0 19,6 16.1 5 12.7 2.0 
12.6 - 8.1 

-I0.2 

i g : ~ ,  ~.~ 12.4 -16.2 
8 ~.8 12,.3 
1 ,6 - 8,~ 

M . o  -32.5 
15.0 -io.3 
21.5+ -16.8 
8.0 ).6 
7 . 5  5.6 
11.8 14,2 

8 15.8 12.1 
i ll.~ 9.8 

8.4 10.3 3 79:- ~.o 
4 7.9- 0.1 
5 8.2 - 5.7 

9.3+ - 7.3 
8 7.@+- 0.i 

618 - ~,7 
~9 ~ 1 22.6 -25.9 

2 @.9 - 6.@ 
3 15.9 11.9 

10.9 -12.0 
16.0 15.8 
11.2 - 9.6 
5.1 8T2 

:~ @ 1 ;~1.4 .-~o.o 
7 . )+  3.6 
7 .8  @.7 

4 I@.6 10.5 

? . 6  
? 10t6 8f8 

9 i 21 ,@ 22,4 
2 . 8  5 .2  
9.0 - 8.5 
8.2 12.2 

18.1 -17.6 
8.0  7 .2  
~.5 - 6.7 

~9 6 1 Io.E 8.6 
2 7.3+ 7.7 
) 7.@ - 2.1 

6.6 - @.0 
5 11.2 - 8.'0 

6Ls,+ .- s.9 
~9 ? i ?.~ 

2 17.3 19.5 
3 @.3 6 .5  

10.6 8.6 
6.7 + - 1.0 i 

12.7+ -16 .3  
6.7 2 .7  
9 .2  - 7 .0  

5 5.9 - 6.7 
'~.2 - >." 

{~ Y 2 14.7 -20.2 
@.2 - 6.8 
5,7 + 1.7 

- 0 0 0 a~.2 "-26.~ 

I 5.2 4.@ 
2 ii.0 8.@ 
3 7.5 7 t 

12 1 0 15.0~ 21.6 
pl 7.2- 1.8 

)'5 o,~ 
5 6,8 - 1,0 

12 2 0 9.~ - 6.4 
I 7.0: 2.1 
2 6.9T 0.] 

12 3 0 6.~ 7.3 
1 6.7 5.2 

12 4 0 6,6" I.i 

The methyl  groups are all in the staggered orienta- 
tion, so that,  on both top and bottom of the molecule, 
one hydrogen atom from each methyl  group is directed 
inward toward the molecular threefold axis. The aver- 
age min imum intergroup H • • • H distances are 2.9/~ 

around the top of the molecule, 2.8 A between methyl  
groups bonded to the same phosphorus, and 3-0 A 
between methyl  hydrogens and boron hydrogens 
around the bottom of the molecule; even if the C-H 
bond lengths were increased to 1.l A, the H - - - H  
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Tab le  5. Interatomic distances and e s t ima~  standard 
deviations 

Distance 
P~-B z 
P5-B~ 
P~-B~ 

Px-Ca 
PwC, 
Pa-C7 
Ps-Cs 

P~-P5 
P~-P~ 

Bz-B , 
Bt-B t 

Ca-C s 
Ca-C a 

B~-H x 
B~-H~ 
B~-Ha 
B,-H~ 

C~-H 5 
C,-H, 
Cs-H 7 
C8-H8 
Ca-H 0 
Cs-H~o 
C~-Hn 

C , - H ,  
C~-H, 

Value (A) a (k) Average (A) a (A) 
1.945 0.013 } 
1.922 0-013 1-935 0.009 
1-937 0.017 

1-858 0.011 } 
1-806 0.011 1.837 0.007 
1.833 0-015 
1.851 0-015 

3.216 0.006 ~ 3.212 0.005 
3.208 0-006 

3-321 0-020 ~ 3.313 0.013 
3.306 0-017 / 

4-028 0.017 ~ 4.021 0.011 
4.014 0-014 ,2} 
1.1 
1"3 
1"2 

0-8 
0-9 
1-0 
(~8 
1.0 
0.8 
0.9 
0-9 
0-8 
(~8 

1.20 0-08 

0.87 0.08 

Table  6. Bond angles and standard deviations 

Angle Value (o) Average (o) a (o) 

Ca-P1-C 4 102-3 ~ 100-4 0-9 
C7-P5-C s 98.6 ) 

B2-PrBe 117-6 ~ 118.1 1.2 
B2-Ps-B2 118-6 / 

PrB6-P1 l l l . 8  ~ 112.2 0.9 
Ps-B2-Px 112-5 

B2-PrC a 108-7 } 
B~-P1-C ~ 107.2 
Be-P~-C a 110-6 109.1 0.6 
Be-P~-C4 109.4 
Bs-Bs-C 7 109.7 
Bo-Ps-C s 109.1 

H~-B~-H~. 119.1 ~ 119.3 - -  
Ha-B~-H 4 119.5 

d i s tances  wou ld  st i l l  be  well  over  2.0 A. The  s t ruc tu re  
of t h e  molecu le  is su re ly  n o t  g r ea t l y  in f luenced  by  
H • • • H repuls ion.  

The  p a c k i n g  a p p a r e n t l y  invo lves  bo th  CH 3 • • • CH 3 
a n d  C H 3 . - .  B H  con tac t s ,  t h e  s igni f icant  d i s tances  
be ing  4-05, 4.15, 4.28 a n d  4-00 /~ for C " - C  a n d  
4.5, 4.2, 4-0 a n d  4-4 A for  B . . .  C, as c o m p a r e d  to  
t he  r e spec t ive  v a n  de r  Waa l s  d i a m e t e r s  of a b o u t  4.0 
a n d  4 .2 /~ .  U n f o r t u n a t e l y ,  t h e  h y d r o g e n  pos i t ions  are 
too  u n c e r t a i n  to  j u s t i f y  s epa ra t e  discussion of t h e  

i n t e r m o l e c u l a r  H • . • H contac ts .  A v iew of t he  struc- 
t u r e  is s h o w n  in  Fig. 5. 

°1 

1 1 ] 1 

• ~l o ~I" 
,*i" . . . . . . . . . . . . . . .  ' . . . . . .  I 

:. ..i~'.7.,'-~.'." . . . : -  ~ . . : . . ~ "  . 

0 

0 
~:.-$y¢~.:---:.::~[.:.-:....-.., :..:~ 

~ ; : : ~ ~ : : ~ ~ C ' : ' 1  

y \ 

x, 

y 

\I 8,,P 

Fig. 5. The structure projected along the b axis. Four unit cells 
are shown. The upper drawing illustrates the packing with 
atomic sizes approximately corresponding to the actual van 
der Waals radii. Shaded molecules lie on the plane at 
y---- {, while dotted molecules are a half-cell higher. The 
lower drawing'is identical, but only the skeletons of the 
molecules are shown, the heavy molecules being at y = 
and the light molecules at y = {. Broken lines represent 
contacts between molecules in the same mirror plane; chain 
lines represent contacts between molecules at y = ¼ and 
y ---- {. One intermolecular contact of each type is shown, 
all others being related by symmetry. 

D i s c u s s i o n  

The  ave rage  P - C  d i s t ance  1 .84 /~  is n o r m a l  accord ing  
to  t he  S c h o m a k e r - S t e v e n s o n  rule  (1941)" 1 . 1 0 + 0 . 7 7 -  
0 . 0 9 x 0 - 4  = 1.834 /~. Spr ingal l  & B r o c k w a y  (1938) 

15" 
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H H H H H H H H 

\ / "  ~ B  / ~ B  ~ ~ (]~ x2  p/- \ Xp / p/ 
• P ]e e I le e l l -  

- - . ,  . .  ?z  ; 
/ _ \  ~H / N  / N  

I I I  I I I  IV 

Fig. 6. Some possible valence-bond structures for the molecule. 

have reported a distance of 1.87-~0.02 J~ in t r imethyl  
phosphine, the only other compound containing this 
bond which has been structurally investigated. 

The discussion of the ring and B - H  bonding seems 
to be neither simple nor conclusive, as may  be seen 
from an examination of the plausible types of valence 
structures shown in Fig. 6. 

The bond length 1.94/~ corresponds to a boron radius 
of 0-84/~ if the bond order is taken as 1. This value is 
in agreement with the value of 0-85 J~ quoted by 
Bauer & Beach (1941) but  in disagreement with the 
average value of 0.80 A obtained by Hedberg's (1952) 
application of Pauling's rule. I t  is to be noted, how- 
ever, tha t  most of Hedberg's compounds had high 
boron coordination number, and tha t  in his t rea tment  
the boron radius seems to have an appreciable inverse 
dependence on coordination number. The indication is 
then tha t  the bond length in this compound must be 
considered about normal, as would be expected for an 
appropriate hybrid of structures I I  and IV, or any 
combination of this structure, structure I, and struc- 
ture I I I .  

The angle values found were unexpected and seem 
to shed some light on the situation. Structure I should 
lead to tetrahedral  angles all the way around. Struc- 
tures I I I  and IV would be expected to lead to large 
ring angles at  both B and P and small H - B - H  angles. 
(An alternative possibility for I I I  might be large 
/ C-P-C rather  than  large A B-P-B. )  For structure 
II ,  however, one would predict tha t  the ring angles 
should differ in just  the sense found and tha t  the 
C-P-C and H - B - H  angles should be about 100 and 
120 ° respectively (as found in compounds of the type  
BX S and PXa (Allen & Sutton, 1950)). The double 
bonds in IV, involving the d orbitals of phosphorus, 
would not seem to imply a coplanar ring and so are 
not inconsistent with the observed puckering. 

The bond-angle values accordingly seem to indicate 
tha t  I, which might be called the conventional struc- 
ture, is not the only important  structure, and that ,  
in particular, the structures I I  are probably also im- 
portant .  With regard to these no-bond structures, the 
situation may  well be similar to tha t  for PC15, for 
which estimates of valence-state excitation energies, 
relative to bond and resonance energies, suggest tha t  

no-bond structures (trivalent P) are the most im- 
por tant  of all (Fernandez-Alonso, Pauling, & Scho- 
maker, to be published). 

There is surely enough steric hindrance by  the 
methyl  groups to explain the stabil i ty of the com- 
pound toward hydrolysis, if the reaction goes by  way 
of a t tack on the BH~ groups from the rear. As Burg 
suggests, however, hydrolysis would in any case be 
hindered by structures which make the hydrogen 
atoms less hydridic; I I I  and IV are such, and Burg's 
preference for this explanation is accordingly at  least 
consistent with the inference from the distances and 
angles tha t  IV (as well as II) probably plays a role. 

The discussion suggests tha t  the molecule is also 
thermally stabilized by resonance. Indeed, to the 
extent  tha t  it is possible tha t  the structure is made up 
mainly of II ,  with the necessary amount of IV, it  is 
possible tha t  almost the entire energy of trimerization 
(which is apparent ly high) is resonance energy rather 
than ordinary bond energy. 

The author is indebted to Prof. Burg for supplying 
a sample of the compound and to Prof. Verner Scho- 
maker and Dr Richard Marsh for helpful discussions 
and criticism of the manuscript.  
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