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bonds),8 1.67-1.71 A in Na3(HNP02)3.4H20,l3 1.671 
and 1.686 A in [NP(N(CH3)2)2]4,14 1.66-1.72 in 
[CH3NPO(OCH3) 13 (six independent bonds) ,I5 and 
1.63 and 1.77 in (CH3NPC13)2.16 The last of these in- 
volves 5-coordinated phosphorus ; the others involve 
4-coordinated phosphorus, as in (CH3)zNPFzB4Hg. The 
value 1.593 A found in the present study is shorter than 
any of these. This parallels the observation in the 
phosphazenes, (NPXz)., n = 3 or 4, where P-N bonds 
involving fluorine-substituted phosphorus tend to be 
particularly short. 

With regard to the configuration a t  the nitrogen 
(13) R. Hazekamp and A. Vos, Acta Cryst.,  16, A38 (1963). 
(14) G. J. Bullen, J .  Chem. Soc., 3201 (1962). 
(15) G. B. Ansell and G. J. Bullen, Chem. Commun., 493 (1965). 
(16) L. G. Hoard and R. A. Jacobson, J .  Chem. Soc., A ,  1203 (1966); 

H. Hess and D. Forst, Z .  Anovg. Allgem. Chem., 842, 240 (1966). 
(17) D. P. Craig and N. L. Paddock, J .  Chem. Soc., 4118 (1962); M. W. 

Dougill, ibid., 3211 (1963): C. W. Allen, I. C. Paul, and T. Moeller, J. Am.  
Chem. Soc., 89, 6361 (1967). 
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atom only two of the earlier studies afford a meaningful 
comparison. Of the two independent exocyclic P-N- 
(CH3)2 groups in [NP(N(CH&)2]4, one is nearly planar 
(angle sum 358.5') with P-N = 1.671 (10) and the 
other is distinctly puckered (angle sum 349.5') with 
P-N = 1.686 (10) A.14 The preliminary of 
[CH3NPO(OCH3) 13 finds the three crystallographically 
independent nitrogen atoms essentially plafiar. Con- 
sidering the shortness of the P-N bond in (CH3)2NPF2- 
B4H8, the planarity of its nitrogen atom is in complete 
agreement with these results. 
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Dimethylaminodifluorophosphine, (CH3)zNPFz (mp - W0), crystallizes with four formula units in an orthorhombic cell 
with a = 10.808 (12) A, b = 7.601 ( 7 )  A, and c = 6.259 (6) b a t  -110'. A total of 458 photographically recorded and 
visually evaluated X-ray data were used to determine the structure, which has been refined to R = 0.069. A space group 
ambiguity was resolved in favor of Pnma following least-squares refinement in both Pnma and PnZia and consideration of 
the effect of a slight scaling error in the weakest observed reflections. The molecule possesses mirror symmetry with the 
planar P-K-C skeletofi lying in a crystallographic mirror plane. Bond lengths and standard deviations are P-N = 1.628 
(5 ) ,  P-F = 1.610 (4), and C-N = 1.460 (9) and 1.485 (8) b. 

Introduction 
Dimethylaminodifluorophosphine was first synthe- 

sized by Kodama and Parry,2 and independently by 
Noth and Vetter,3 C a ~ e l l , ~  and Schm~tz ler .~  I t  is a 
colorless liquid with a normal boiling point of about 
50". Extensive studies of the coordination chemistry 
of (CH3)eNPFz by Fleming, Ter Haar, and Parry6 
established that the compound is an excellent coordi- 
nating ligand with a base strength intermediate between 
PF3 and N(CH3)3. Their results suggested that the 
ligand is capable of coordinating through the nitrogen 
atom as well as through the phosphorus atom, depend- 
ing on the nature of the electron acceptor. (CHaj2- 
NPFz was found to form a stable 1 : 1 adduct with B4H8, 

(1) National Science Foundation undergraduate research participant, 
1964-1965. 

(2) R. W. Parry, el al., "The Chemistry of Boron Hydrides and Related 
Hydrides," WADD Technical Report 60-262, University of Michigan Re- 
search Institute, April 1960; G. Kodama and R.  W. Parry, Inovg. Chem., 4, 
410 (1965). 

(3) H. Noth and H.-J. Vetter, Chem. Bev., 96, 1298 (1963). 
(4) R. G. Cavell, J .  Chem. Soc., 1992 (1964). 
(5) R. Schmutzler, Inovg. Chem., 8 ,  415 (1964). 
(6) M.  A. Fleming, Ph.D. Thesis, University of Michigan, Ann Arbor, 

Mich., 1963; G. Ter Haar, M. A. Fleming, and R. W. Parry, J .  Am. Chem. 
Soc., 84, 1767 (1962). 

presumably involving a phosphorus-boron bond. An 
X-ray crystal structure determination of this adduct, 
(CH&NPFzB4Hg, was subsequently undertaken.' The 
result confirmed the coordination of the B4Hs group to 
the phosphorus atoms of the ligand. It also revealed 
that the phosphorus-nitrogen bond in the coordinated 
ligand is unusually short (1.593 b) and that the phos- 
phorus, nitrogen, and two carbon atoms are essentially 
coplanar. This configuration was unexpected ; a t  the 
time the present investigation was undertaken there was 
little, if any, precedent for coplanar bonds about three- 
coordinated nitrogen bonded to phosphorus. A com- 
plementary X-ray study of the structure of the free 
(CH&NPF2 ligand was consequently judged desirable. 

Experimental Section 
Ac- 

cordingly, samples were vacuum distilled into thin-walled Pyrex 
capillaries of approximately 0.4-mm diameter, which were sub- 
sequently sealed. Crystals were grown with the capillary 
mounted on a Buerger precession camera and cooled with a stream 
of cold nitrogen gas. The X-ray work was done with the speci- 

(CHs)zNPFz melts a t  -87" and is sensitive to  moisture. 

(7) M. D. La Prade and C. E.  Nordman, Inoug. Chem., 8, 1669 (1969). 



167.1 EARL D. MORRIS, JR., AND C. E. NORDMAN Inorganic Chemistry 

men kept a t  approximately -110'. Zr-filtered Mo K a  radia- 
tion ( A  0.7107 A)  was used. 

The crystals are orthorhombic with a = 10.808 (12) A, b = 
7.601 ( 7 )  A, and c = 6.259 (6) A .  The unit cell volume is 514.2 
A3. With four molecules per cell the calculated density is 
1.460 g ~ m - ~ .  Systematic absences of hk0 for h odd and of 
Okl for k + 1 odd correspond to  the space groups Pn2la (no. 33) 
or Pnma (no. 62). The general positions in the former are four- 
fold and in the latter are eightfold. It follows that  crystallo- 
graphically demanded symmetry must be present in the molecule, 
if Pnma is the correct space group. Of the two alternatives al- 
lowed by Pnma, a center of symmetry and a mirror plane, only 
the latter is chemically reasonable. 

Of several consecutive crystals grown and examined, three 
were chosen for collection of intensity data. The choice was 
made so as to  afford good coverage of the reciprocal lattice while 
allowing the specimen capillary to remain roughly perpendicular 
t o  the incident X-ray beam. Visual observation of the contents 
of the capillary was made difficult by the unavoidable frosting. 
I t  is reasonable to  assume, however, that  the solid sample filled 
the capillary and that  the effective length of the irradiated speci- 
mens was about 0.5 mni. The fact that  the three crystals were 
effectively equal in size was borne out by the subsequent scaling 
of the data. 

The first crystal was used to  obtain Mo K a  precession photo- 
graphs of the h01, h l l ,  and Okl nets; the second was used for 
hkL ( L  = 0-4), hP2, and h32; and the third was used for H k l  
( H  = 1 4 ) .  The precession angle was 26' for zero-level nets and 
successively less for upper-level nets. Each net was exposed 
for a series of periods differing by a factor of 3 and ranging up to 
20 hr. 

The intensities were estimated visually. Readings within 
each net were placed on a common scale according to  exposure 
times. After correction for Lorentz and polarization effects, 
the different nets were placed on one common scale by a 
least-squares procedure employing the ratios of the intensities 
of all reflections observed on two or more intersecting nets.* 
Of the 458 unique reflections of measurable intensity, 182 were 
observed on two intersecting nets. For scaling purposes the 
364 measurements of these 182 reflections were assigned weights 
of 1, 2, or 3, the lowest weight being given to the weakest re- 
flections, whose relative accuracy could be expected to  be lowest. 
In addition t o  the 458 observed reflections 154 were judged un- 
observably weak. 

Structure Determination 
The approximate structure was readily deduced from 

the Patterson function. The model was first refined in 
space group PnPla. Following several cycles of diagonal 
least-squares refinement, the six independent hydrogen 
atoms were located by a difference Fourier synthesis. 
The structure was then subjected to full-matrix least- 
squares refinement using 457 observed reflections, 
F(002) being omitted as suffering from extinction. The 
hydrogen form factors were those of Stewart, et U Z . , ~  
while those of other atoms were from ref 10. The 
temperature factors of the nonhydrogen atoms were 
taken as anisotropic, while those of the hydrogen atoms 
were assumed isotropic, with B = 3.0 AP held constant. 

otherwise, this model, with 7 2  variable parameters, 
refined to a conventional R of 0.067 and a 
weighted RP = [2w( (  F,I - I F,1)2/2wl Pol 2]1'2 of 0.0848. 

It had been clear from the beginning that the struc- 

Taking d G  = 1 when Fo < 4Fmin, d G  = 4Fmin/Fo 

(8 )  C. E. hlordman, Acta Crrsl . ,  13, 535 (1960). 
(9) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J .  Chrm. Phrs., 

(10) "International Tables of X-Ray Crystallography." Vul. I I I ,  T h e  
42, 3176 (1965). 

Kynoch Press, Birmingham, England,  1962 'l'nble 3.:1.1. 

ture possessed a t  least an approximate mirror plane a t  
y = l / 4 ,  ;.e., that it  did not depart greatly from space 
group Pnma. Not only did the heavy-atom skeleton 
approximate this symmetry, but also the locations of 
the hydrogen atoms, as revealed by the Pn21a difference 
Fourier, appeared to conform to Pnma symmetry. 

Nevertheless several features of the refined PnZla 
structure were in apparent disagreement with Pnma. 
The carbon-nitrogen plane appeared to be slightly 
tilted about the phosphorus-nitrogen bond with one of 
the carbon atoms lying 0.17 A, or 15u, from y = l /4 .  

The fluorine atoms were removed from their respective 
mirror images by 0.15 A ( l lg) ,  and one of their aniso- 
tropic thermal parameters, equal by symmetry in 
Pnma, differed by 10u. There was no chemically 
reasonable internal consistency among these distortions. 

-4 full-matrix refinement in Pnma with 44 variable 
parameters, similar to the PnBla refinement in every 
respect except for symmetry restrictions, led to R = 

0.075 and R2 = 0.0953. The expected R factor ratio" 
for these models, Rz(Pnma)/RP(Pn21a) = &&386,0.60, is 
1.034 on the basis of the number of parameters alone. 
The actual ratio 0.0953/0.0848 = 1.124 would over- 
whelmingly call for rejection of Pnma as the correct 
space group, if taken a t  face value. 

Even with due allowance for the unreliability of 
standard deviation estimates and R factor ratios in 
cases such as this, where the linear terms in the Taylor's 
series expansion vanish, the criteria calling for rejection 
of Pnma appeared too strong to be simply disregarded. 

In a further effort to reach an unambiguous space 
group choice, the dependence of the scale factor on 
1 Pol was investigated by plotting the ratio 21 F o l / 2  F;, , 
of local sums of 60 terms each, as a function of 1 1  rjb . 
For the 44-parameter Pnma structure as well as the 72- 
parameter PnBla structure these plots showed a clear 
rise above unity for values of lFoI less than about 
2.5Fmin. The departure from unity was somewhat less 
pronounced for the Pn21a than for the Pnma data, 
reaching about 1.09 and 1.13 for the two sets of calcu- 
lated structure factors, respectively. This strongly 
indicated a systematic positive scaling error of up to 
23% in the intensities, or F2 values, of the weakest 
reflections. The fact that the effect was somewhat less 
pronounced in the ratios involving the Pr12~a F, values 
is not surprising since the smallest Fa's are the most 
likely ones to increase in magnitude by assuming phase 
angles differing appreciably from 0 or T ,  through small, 
spurious parameter shifts. Similar plots of structure 
factor ratios as functions of ((sin failed to show 
significant departures from unity, supporting the con- 
clusion that the source of the behavior was indeed a 
scaling error introduced in the evaluation of the inten- 
sities. 

The 72-parameter Pn21a and 44-parameter Pnma 
refinements were now repeated using only the 23s 
F(hk1) values for which F, > 2.5Fmi,. Despite some 
oscillation of parameters, the PnBla refinement pro- 
duced a monotonic decrease in R2. T t  yielded a mode1 

(11) w. C .  l roni i l t i in ,  ~ r i n  CV>J,Y/,, 18, m (~nc~in). 
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whose parameters, expressed in terms of their standard 
deviations, departed from their Pnma values by less 
than one-third of the amounts found in the refinement 
using the complete data. More significantly, the R2 
values for the Pnma and Pr12~a models were 0.0673 and 
0.0636, respectively, giving a ratio Rz(Pnma)/R2 
(Pn2la) = 1.058. This is in fact less than the expected 
value @28,16610.50 = 1.079, showing that the centric space 
group cannot be rejected even a t  the 0.50 level of con- 
fidence. On the basis of these results we accept Pnma 
as the true space group. We also note the extreme 
sensitivity of the space group assignment to a relatively 
minor, systematic scale error in the weakest reflections. 

To  correct for the scaling error, all observed F ' s  less 
than 2F,,,i, were multiplied by 0.89, and those in the 
range 2Fmin-2 .5Fmi , ,  by 0.94. 

Refinement of the 44-parameter model now led to 
R = 0.069 and R2 = 0.086 for the 457 observed reflec- 
tions included. The final observed and calculated 
structure factors are listed in Table I. For (sin 6)/X < 
0.5 there were 43 reflections judged unobservably weak. 
All but one of these have F, values less than their 
respective threshold values. For the sole exception 
(124) F c  exceeds Fthreshold by 4%. 

TABLE I 
OBSERVED AND CALCULATED STRUCTURE 

FACTORS ( X 10) 
i r * - o F c  * z  To Pc I x ' Fo rc I 

Discussion 
The possibility of a slightly puckered P-N-C con- 

figuration with disorder about the crystallographic 
mirror plane can be discounted by considering the 
anisotropic thermal parameters (Table 11). If such a 
disorder were present, one would expect the mean- 
square thermal vibration amplitudes perpendicular to 
the mirror plane to be unusually large for a t  least some 
of the four atoms. Since these quantities, U Z 2  = &b2/ 
2 r 2 ,  are no greater than the corresponding mean-square 
amplitudes in the x and z directions, we conclude that 
the molecular configuration is planar. 

Figure 1 shows an ORTEP drawing of the molecule, 

F' 

Figure ~.-ORTEP drawing of the (CHS)~NPF~ molecule with 
50% thermal motion ellipsoids for the nonhydrogen atoms. 
Bond lengths, in ?angstroms, and angles, in degrees, are given with 
standard deviations expressed in units of the last significant 
figure. 

with bond distances and angles. The P-F, P-N, N-CI, 
and N-C2 distances have been corrected for thermal 
motion by the amounts $0.019, +0.001, +0.008, and 
+0.016 A, respectively. These corrections assume 
"riding" motion12 and as such are probably conserva- 
tive. The least-squares standard deviations shown in 
Figure 1 do not reflect the uncertainty in the implied 
model for the thermal motion. Hence the standard 
deviations may be somewhat low. 

Carbon-hydrogen distances range from 0.94 to 
1.03 A, N-C-H angles from 106 to 112', and H-C-H 
angles from 101 to  117'. There are no significant dif- 
ferences within any of the three categories. 

The molecular geometry of the free (CH8)2NPF2 
ligand is very nearly the same as in the B4Ha adduct.' 
On forming the adduct the ligand shows a probably 
significant shortening of- both the P-N and P-F bond 
distances by about 0.03 A. This is accompanied by an 

(12) W. R. Busing and H. A. Levy, Acla Cvyst , 17, 142 (1964), W. R. 
Busing, K. 0. Martin, and H A Levy, "ORFFE, a Fortran Crystallographic 
Function and Error Program," ORNL Report TM-306, Oak Ridge vat ional  
Laboratory, Oak Ridge, Tenn., March 11964, 
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Atom 

P 
F 
N 
C1 
C2 
HI 

H? 
Hs 
H4 

Atom 

P 
F 
N 
C1 
C2 

Position 

4c 
8d 
4c 
4c 
4c 
8d 
4 C  
8d 
4c 

TABLE I1 
FINAL PARaMETERS AND STAXDARD DEVIATIONS 

(a) Atomic Coordinates 
X 

0.2695 (1) 
0.2874 (3) 
0.4040 (4) 
0.5229 (5) 
0.4123 (8) 
0.523 (5) 
0.501 (8) 
0.459 (5) 
0.327 (8) 

Y 

0.2500 

0.2500 
0.2500 
0.2500 
0.143 ( 7 )  
0.2500 
0.154 (7) 
0.2500 

0.1001 (4) 

(11) Anisotropic Thermal Parameters (X  lo4) 
011 P 2 2  @as PlZ 

28 (1) 105 (3) 182 (4) 0 
90 (3) 139 (6) 257 (9) - 16 (7) - 
23 (4) 126 (9) 158 (15) 0 
27 ( 5 )  137 (12) 275 ( 2 2 )  0 
87 ( 8 )  150 (14) 130 (16) 0 

increase in the bond angles a t  the phosphorus atom. 
The F-P-F angle is 91.5 (3)"  in the free ligand and 
96.4 (3)" in the adduct while the F-P-N angle is 101.6 
(2)' in the ligand and 103.3 (3) and 107.1 (3)' in the 
adduct. The changes in bond distances are supported 
by an observed increase in P-F stretching frequency in 
the B4Hs adduct relative to the free ligand and a similar 
although less pronounced effect in the P-S frequency.13 
Comparable changes in geometry, ;.e., shortened bonds 
and increased angles a t  the phosphorus atom, have been 
found in virtually all investigated cases of three-co- 
ordinated phosphorus upon addition of a fourth neigh- 
bor,l4-I6 and several models accounting for such changes 

(13) C .  F. Farran, Ph.D. Thesis, University of Michigan, Ann Arbor, 
Mich., 1966. 

(14) L. E. Sutton, Ed., "Tables of Interatomic Distances and Configura- 
tion in Molecules and Ions," The Chemical Society, London, 1958, Supple- 
ment, 1965. 

(15) R. L. Kuczkowski and D. R. Lide, Jr., J .  Chem. P h y s ,  46, 357 
(1967). 

(16) K. L. Kuczkowski, J .  A m .  Chem. Soc., SO, 1705 (1968): L. F. Cento- 
fanti and R. L. Kuczkowski, I m v g .  Chem., 7 ,  2582 (1968). 

2 

0.4553 (3) 
0.2805 (5) 
0.5727 (8) 
0.4565 (14) 
0.8029 (11) 
0.512 (9) 

0.865 (13) 

0.301 (14) 
0.854 (8) 

P2a  P31 

0 -23 (4) 

0 2 (10) 
0 12 (17) 

. lo9  (12) -79 (8) 

0 -44 (18) 

have been proposed.17 The closest available parallel t o  
the present system appears to be the pair PF3 and PF3- 
BH3. A recent accurate microwave determination of 
the structure of PF3 by HirotaI8 gives P-F = 1.565 k 
and L F P F  = 96.3", while another microwave study o€ 
PF3BH3 by Kuczkowski and LideI5 gave P-F = 1.538 
(8) k and L FPF = 99.8 (10) '. The changes in P-F 
bond length and FPF angle upon addition of the boron 
ligand agree very closely with the less accurately deter- 
mined changes in the present study. 
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