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The geometric structures of zert-butyldifluorophosphine, di-zert-butylfluorophosphine, and tri-terz-butylphosphine have
been determined in the gas phase by electron diffraction. Successive substitution of fluorine atoms by terz-butyl groups
results in the lengthening of both P-F and P-C bond distances. The P-F bond lengths increase from 1.589 (3) A in Bu‘PF,
t0 1.619 (7) A in Bu’,PF. The P-C bond lengths increase even more strongly from 1.822 (12) A in Bu’PF, to 1.859 (6)
A in Bu,PF t0 1.919 (5) A in Bu;P. The bond angles at the phosphorus atom follow the opposite trend. The CPF angle
decreases from 99.0 (0.6)° in Bu’PF, t0 96.0 (2.0)° in Bu’,PF, and the CPC angle decreases from 113.8 (1.9)° in Bu’,PF
to 109.9 (0.7)° in Bu';P. The geometric parameters and the configuration of the tert-butyl groups are given in the paper.
The electron diffraction results are compared with results obtained by CNDO/2 calculations. The effect of steric strain
on the geometry caused by the bulky rers-butyl groups is discussed.

Introduction

The phosphorus(IIT) ligands Bu’;P, Bu’,PF, and Bu'PF,
together with PF; constitute a complete substitution series,
Bu', PF, (n = 0-3).

The coordination chemistry of Bu’PF,,! Bu/,PF,!? and
Bu‘;P!** has been extensively studied, while the same is true
even more for PF,.>?

The coordination compounds synthesized range from
transition-metal carbonyl complexes'** and transition-metal
halide complexes, e.g., MX,(Bu',PF), (M = Co, Ni; X = C],
Br, I)® and [Bu/3PH]}[NiBr;Bu’;P],** to borane adducts,
Bu’;_,PF,-BH; (n = 0-3).°> The physical properties of these
complexes have been thoroughly investigated.

The NMR spectroscopic properties of members of the series
initially mentioned have been discussed in some detail, ¢ and
the Raman and infrared spectra of Bu’PF,’ and Bu’,PF® have
been assigned and interpreted.

UV photoelectron spectra® of these ligands show a re-
markable decrease of the first vertical ionization potential from
12.3 eV (PF;) to 7.70 eV (Bu’;P).

*To whom correspondence should be addressed at the Institut fir Phy-
sikalische und Theoretische Chemie, Universitdt Tiibingen.

Finally, CNDO/2 calculations!® of the differences in
electronic energies of the phosphines Bu’y_,PF, and the cor-
responding phosphonium salts [Bu‘s_,PF,H]* may be linearly
related to the first vertical ionization potentials of the ligand
Bv's_PF,.

In order to show to what extent these observations could
be explained on the basis of structural parameters of the
phosphines Bu‘;_,PF, (n = 0, 1, 2), a comparative electron
diffraction study was undertaken.

Experimental Section

The phosphorus(I1T) compounds Bu'PF,,!! Bu’,PF,'? and Bu/,P!*!
have been prepared according to the methods described in the lit-
erature. Their purity was checked by '"H NMR, °F NMR, and *!P
NMR spectroscopy, respectively. The scattering intensities were
recorded with the Balzers Diffractograph KD-G25 for two camera
distances (25 and 50 cm) on Tlford N50 plates (18 X 13 cm). Details
of the experiment are given in Table I. (Throughout this paper 1
A =100 pm and 1 Torr = 101.325/760 kPa.) The electron wavelength
was determined by ZnO powder diffraction. For all molecules the
s range (s = (4w/MN) sin (6/2), A electron wavelength, 6 scattering
angle) covered in the experiment was s = 1.4-17 A-! and s = 7-34
AT for the two camera distances. Two plates for each camera distance
were selected for the structure analysis. The optical densities were

0020-1669/78/1317-1254801.00/0 © 1978 American Chemical Society
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Table I. Details of the Experiment
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Camera Tsample: Thozzle: Peamera: Exposure Electron
dist, cm °C °C 107¢ Torr time, min wavelength, A
BufPF, 50 -30 15 5 0.7-1.5 0.04925 (1)
25 -26 15 15 2.5-3.5 0.04925 (2)
Buf,PF 50 25 35 § 0.8-1.5 0.04928 (1)
25 30 35 10 2.0-3.5 0.04925 (1)
Bui,P 50 90 100 10 0.7-1.5 0.04918 (1)
25 95 100 15 . 2.5-5.0 0.04915 (1)

measured with a modified Kipp + Zonen microdensitometer. The
plate is rotated slowly and the transmission is recorded by an in-
tegrating voltmeter over a rotational angle of about 120°, since the
plate is rectangular. After every revolution the plate is moved by 0.1
mm. For one plate about 700 points are recorded, which are then
reduced to 78 and 135 data points, respectively, by interpolating the
density data in steps of As = 0.2 A™l. The intensities /; were obtained
from the densities D, by I; = Di(1 + 0.07D;). The intensities were
divided by the sector function as determined from argon diffraction
and multiplied by s°. The preliminary background was refined for
each plate separately by a procedure described elsewhere.!® The
averaged molecular intensities sM®™P(s) and the theoretical intensity
functions for the final molecular models are shown in Figures 1, 4,
and 7. Scattering amplitudes and phase shifts of Haase!”. were used.

Structure Determination

The radial distribution functions (Figures 2, 5, and 8) were used
to obtain preliminary molecular models (Figures 3, 6, and 9). In the
scattering range 0 < s < 1.4 A" the theoretical intensity functions
were used in the Fourier transformation. The preliminary structural
parameters and mean-square amplitudes were refined in a least-squares
procedure based on the molecular intensities, The diagonal-weight
matrix increases exponentially for 1.4 < 5 < 4 A™!, remains one in
the range 4 < s < 28 A, and decreases exponentially for 28 < s <
34 A"l An interval of As = 0.2 A™! was chosen.

C,, symmetry of the methyl and tert-butyl groups was assumed
for all tert-butylfluorophosphines. There are two possible config-
urations for a tert-butyl group possessing C;, symmetry, depending
on whether all hydrogen atoms stagger or eclipse the bonds around
the central carbon atom. In the staggered configuration the terz-butyl
group “stands on three legs” on a plane perpendicular to the C, axis,
while it “stands on six legs” in the eclipsed configuration. Both
configurations were considered in the structure determinations. In
all cases the staggered configuration was found experimentally.

For the estimation of error limits several effects have to be
considered: (1) error in the s scale, (2) geometric constraints, (3)
assumptions for mean-square amplitudes, (4) assumption of a “rigid”
molecular model, and (5) correlation between experimental mea-
surements. For the error in the s scale an upper limit of 0.1% is
estimated. The effect of geometric constraints on the geometric
parameters was investigated for tri-ters-butylmethane.® It was
demonstrated that bond angles may be affected considerably, while
bond distances are almost independent of such constraints. For the
phosphines these effects will certainly be smaller than for the methane,
since steric interactions between the ters-butyl groups are smaller.
The neglect of large-amplitude torsional motion of the zers-butyl groups
around the P-C bonds will affect strongly the torsional angle 7, which
has to be interpreted as an effective angle and may deviate considerably
from the equilibrium value. Since effects 2, 3, and 4 are very difficult
to estimate, all standard deviations obtained from the least-squares
analyses are multiplied by 3 to obtain error limits. This factor will
also take account of effect 5. For bond distances the error in the s
scale is considered separately.

tert-Butyldifluorophosphine, Bu'PF,. C, symmetry was assumed
for this molecule, the rert-butyl group staggering the PF, group.
Furthermore, the HCH angle of methy!l groups was fixed at a value
of 108.5°, With these assumptions, four bond lengths and three bond
angles have to be determined to describe the geometry of the molecule.
In addition to these seven geometric parameters, eight mean-square
amplitudes and the scale factors for the two camera distances, i.e.,
17 parameters, were refined simultaneously in a least-squares pro-
cedure. Assumptions concerning the mean-square amplitudes can
be seen in Table II.  The following five correlation coefficients had
values larger than 0.6: r(P-F)-r(C-C), 0.71; r(P-F)—<CCC, 0.66;
r(P-C)-«£CCC, 0.79; r(C-C)-£CCC, 0.82; r(P-C)-/(P-C)), 0.64.

Table II. Results for tert-Butyldifluorophosphine (r, Structure)?®

(a) Independent Geometric Parameters and
Mean-Square Amplitudes

P-F  1.589(4) 0.044(6) C;-C, 1.517(10) 0.050°
P-C; 1.822(12) 0.050(10) C-H 1,112 (11)y 0.073 (10)
LFPF 99.1 (1.7) LCIC;DCZ 109.2 (1.3)

LCPF 99.0 (0.6) ' LHCH 108,58
(b) Scale Factors
R, 0.96 = 0.04 R, 0.91 £ 0.10
(c) Dependent Geometric Parameters and
Mean-Square Amplitudes
P--C 274 (2) 0.173(58) F,--C, 2.89(4
F--C, 2.60(2) 0063(34) F.---C, 310 (3} 0-091 20)
F,-+'F, 242(3 F,--C, 3.95(2) 0.065 (25
CC qaraypotzan T

@ For numbering of atoms see Figure 3. Distance and mean-
square amplitude in angstroms; angles in degrees. Assumed,

Bu!PF,
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Figure 1. Bu‘PF, modified molecular intensities sM°*P(s) (000)
and sMer(s) (—) and differences.

Bu' PF,

; 2 3 4 5
r (&)
Figure 2. Bu’PF, experimental radial distribution function and
difference curve.

The results of the least-squares refinement are listed in Table II. The
mean-square amplitudes involving hydrogen atoms were fixed at
reasonable values.



1256 Inorganic Chemistry, Vol. 17, No. 5, 1978

¢

Figure 3. Bu’PF, molecular model.
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Figure 4. Bu’,PF modified molecular intensities sM*®(s) (000)
and sM™r(s) (—) and differences.
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Figure 5. Bu',PF experimental radial distribution function and
difference curve.

Di-tert-butylfluorophosphine, Bu’,PF, The overall symmetry of this
molecule depends on the relative orientation of the two terz-butyl
groups. If both groups are twisted around the P-C bonds in opposite
directions, the symmetry will be C;; the molecule possesses only C,
symmetry if the ferz-butyl groups are twisted in the same direction.
Starting from a configuration with carbon atoms C, and C; (see Figure
6) staggering exactly the P-C, bond (this corresponds to the twist
angle 7 = 0°), the two possibilities of twisting were investigated. The
radial distribution function is not very sensitive to the direction of
twisting (C; or C, symmetry) as long as 7 < 10°. Thus, both pos-
sibilities were considered in the least-squares procedure. After five
geometric parameters and ten mean-square amplitudes were refined
simultaneously, the sums of the errors squared obtained in the
least-squares procedure were ¢(C;) = 0.13 and o(C;) = 0.18.

Although the experimental molecular intensities can be reproduced
slightly better with a C,; model, the C; model cannot be ruled out
definitely by the electron diffraction experiment. The twist angles
obtained are 7(C,) = 7.8 & 3.1° and 7(C)) = 5.7 & 2.8°, respectively.
Figure 6 indicates the direction of the twist for the C; model. All

Oberhammer, Schmutzler, and Stelzer
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Figure 7. Bu’;P modified molecular intensities sM**P(s) (00Q) and
sM™e(s) (—) and differences.

i 2 I

Figure 8. Bu';P experimental radla dxstrlbutlon functlon, A, difference
curve for staggered tert-butyl groups, and 4, difference curve for
eclipsed teri-butyl groups.

geometric parameters derived for the two models agree with each other
within the error limits. ‘Five correlation coefficients had values larger
than 0.6: (P-F)-/(C~C)), 0.77; £CPC-/(F--C,), 0.62; ZHCH-I-
(P+Cy), 0.61; {(P-C)-I(F=Cy), 0.74; I(FC)~I(CyC,), 0.72. Table
IIT lists the results of the least-squares refinement for the C; model.
In addition to the parameters given in Table III, the mean-square
amplitude for the P-H distances was refined. A value of /(P-H)
= 0.174 (46) A was obtained. The other mean-square amplitudes
involving hydrogen atoms were again fixed at reasonable values.

Tri-tert-butylphosphine, Bu’;P. Three bond lengths, three bond
angles, and one twist angle determine the structure of this molecule
when C; overall symmetry is assumed. Possible deviations of the
tert-butyl groups from C;, symmetry vs, Cs symmetry were investigated
for this molecule. A twist angle 7, around the C,~C bonds of all
methyl groups was introduced as an additional parameter. Such a
twist could reduce steric interactions between hydrogen atoms be-
longing to different ters-butyl groups. With starting values of 7, =
+15° the least-squares procedure converged to 7, = 3.7 £+ 6.5° and
T = —2.8 £ 6.5°, respectively. In both cases the sum of the errors
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Table IIl. Results for di-tert-butylfluorophosphine (r, structure)®

(a) Independent Geometric Parameters and
Mean-Square Amplitudes

P-F 1.619 (7)  0.045b CiC, 1.530(4) 0.051(4)
P-C, 1.859(6) 0.057(4) C-H 1.107 (6) 0.084 (7)
LC{PF 96.0 (2.0) LCPCy 113.8 (1.9)
LC,CiC, 109.6 (1.3) LHCH 108.1 (1.5)

T 7.8 (3.1)
(b) Scale Factors
R, - 0.88 £ 0.04 R, 0.84 + 0.07
(c) Dependent Geometric Parameters and
Mean-Square Amphtudes
C,-:C, 250(4) 0.088(8) Cy--C,/ 3.58(8)
FCy 259(4) 0.122(114) Cyp--C, 3.42 (9)} 0.111 (43)
P-C, 2774 0.148(42) Cy--C, 4424
F---C, 2.67(10) C,---C, 3.37(15)
F---C, 3.31(5) 0.155(43) C,---C, 4.04(9)
F--C 3.90 (6) C,-+C,' 4.99(9) ‘
Cp -Gy 312(5) 01200  Ch---Cr 478 (10)( 184 @D
C, :C, 5.53(8)
C,-+-C," 3.00 (16)

@ For numbering of atoms see Figure 6. Distances and mean-
square amplitudes in angstroms; angles in degrees. ° Assumed.
Table IV. Results for Tri-tert-butylphosphine (r, Structure)®

(a) Independent Geometric Parameters and
Mean-Square Amplitudes

P-C; 1.919 (5) 0.060 (5)

CiC, 1.534 (3) 0.055 (4)

C-H ' 1.106 (5) 0.090 (7)
LCPCY 109.9 (0.7) LC,CC, 107.8 (0.4)
LHCH 107.2 (1.2) T 14.0 (1.3)

(b) Scale Factors
Ry, 0.80 £ 0.04 R, 0.78 = 0.08

(c) Dependent Geometric Parameters and
Mean-Square Amplltudes

C,--C, 248(1) 0.068(5) C,---C,' 3.32(5)
P-C,  2.86(1) 0.142(10) C.---Cy 3.56( 5)}0.257 (67
Cy - Cy  3.14(2) 0.120% C, Gy 3.29(2)
Cy --C,' 370 (3) C,---C, 4.90(3)
Cp - Cy 3.38(2) C, -C, 4.52(4)
Cy - +C," 3.39(3) 0.107.13) C,oC, 4.96(3)
Cy - C," 3.69(2) C, --C, 4.94(2)f 0-188(36)
Cy - C, 4.48(1) C, -C, 5.68(2)
chich ez i3 &I Y8902

@ For numbering of atoms see Figure 9. Distances and mean-
square amplitudes in angstroms; angles in degrees. ° Assumed.

squared decreased by less than 10%. Thus, C;, symmetry for the
tert-butyl groups (r,, = 0°) was assumed in the further calculations.

Nine mean-square amplitudes were refined simultaneously with
the seven geometric parameters. Only two correlation coefficients
had values larger than 0.6: tHCH-£CCC, 0.66; ZHCH-I(P~.C)),
0.68. The final results are listed in Table IV.  For the P--H
mean-square amplitude a value of /(P-H) = 0.239 (48) A was derived.
For Bu3P the effect of the configuration of the tert-butyl groups on
the radial distribution function is demonstrated in Figure 8. The
difference curve A; corresponds to the configuration with all hydrogen
atoms staggering the bonds around the C, atom, while A, corresponds
to the eclipsed configuration.

Discussion

Molecular orbital calculations in the CNDO/2 approx1-
mation have been performed for di-rert-butylfluorophosphine!®
and tri-tert-butylphosphine.” In both cases the optimized CPC
bond angles agree very well with the experimental results
(114.5 and 108.2°, respectively). All other geometric pa-
rameters and the results concerning the configuration of the
tert-butyl groups, however, are in disagreement with the
electron diffraction results. For Bu’,PF the optimized P-C
and C—C distances (1.836 and 1.476 A) are too short, while
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Figure 9. Bu‘;P molecular model.

Table V. Geometric Parameters for Bu,PF,_,,
n=0,1,2,3 (r, values)?

PF,b Bu’PF, Bu!,PF Bul,P
P-F 1.569(1) 1.589(4) 1.619 (7)
P-C, 1.822(12) 1.859(6) 1.919 (5)
CC 1.517 (10)  1.530 (4) 1.534 (3)
C-H 1.112(11)  1.107 (7) 1.106 (5)
LFPF 97.7(0.2) 99.1(1.7)
LC4PF 99.0 (0.6)  96.0 (2.0)
LC{PC; 113.8(1.9)  109.9 (0.7)
LCC,C 109.2(1.3) 109.6(1.3)  107.8 (0.4)
LHCH 108.5¢ 108.1 (1.5) 107.2(1.2)
T 0°¢ 7.8 (3.1) 14.0 (1.3)
F - F 236 (1) 2.42(3) )
F- - -Cy 2.60 (2) 2.59 (4
Cy - Cy 3.12(5) 3.14 (2)

@ Distances in angstroms; angles in degrees. b Reference 23.
¢ Assumed,

the angles FPC (106.1°) and CCC (114.5°) are larger than
the experimental values by 10 and 5°, respectively. Moreover,
the configuration of the rert-butyl groups is predicted to be
eclipsed with a twist angle 7 = 24°, while the electron dif-
fraction experiment results in a staggered configuration with
7= 7.8 (3.1)°. The problem of the overall symmetry of the
molecule (C; or C;) has not been investigated with the
CNDO/2 method. C, symmetry was assumed in the MO
calculations. For Bu’;P the P-C and C-C bond lengths were
assumed to be 1.846 and 1.548 A. The optimized CCC angle
(112.1°) is about 4° larger than the electron diffraction value.
The small experimental value for the CCC angle in Bu’P of
107.8 (0.4)° agrees with the corresponding value determined
for tri-tert-butylmethane® (105.7 £ 0.2°), indicating that steric
interactions between the three tert-butyl groups lead to a
decrease of this angle. The short P-C bond assumed in the
CNDO;/ 2 calculations (0.07 A shorter than the experimental

value) may explain the good agreement between the optimized

CPC angle and the experimental result (108.2 and 109.9
(0.7)°, respectively). The increased steric interaction due to
the short bond' is compensated in the MO calculations by
opening the bond angles at the phosphorus atom. Usmg the
experimental P-C bond length of about 1.92 ‘A in the
CNDOY/2 calculations would probably make the agreement
between optimized and experimental CPC angles worse. For
Bu’;P the CNDOQO/2 calculations again predict eclipsed
tert-butyl groups and an energy difference between eclipsed
and staggered configurations of 154 kcal mol™!. The electron
diffraction intensities, however, can definitely not be fitted with
eclipsed tert-butyl groups (see Figure 8). From this dis-
crepancy we have to conclude that steric interactions between
hydrogen atoms, which to a large extent determine the
configuration of the terz-butyl groups, are not accounted for
properly in the CNDO/2 approximation.

Table V summarizes the geometric parameters for the series
Bu/,PF;_, with n = 0, 1, 2, and 3. The P-F and P-C bond
lengths increase almost linearly with the increasing number
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of tert-butyl groups, whereby the lengthening of the P-C bond
is about twice as large as for the P-F bond. It should be
pointed out that the variation of the P-C bond length from
Bu’PF, to Bu’;P is almost 0.1 A. The bond angles at the
central phosphorus atom do not show such an obvious cor-
relation with the number of tert-butyl groups. The increase
of the FPF angle from PF, to Bu‘PF, is only 1.4° and is within
the error limits. The CPF and CPC angles, however, decrease
by about 3 and 4°, respectively when one fluorine atom is
substituted by a tert-butyl group. From crude steric con-
siderations the opposite trend would be expected. The non-
bonded F-C, and Cy+C, distances give a plausible explanation
for the observed trend in the bond angles. Both distances are
remarkably constant when the number of rerr-butyl groups
is increased. Thus, the large CPC angle in Bu’,PF can be
understood on the basis of the P~C bond lengths and the C-C;
nonbonded distance. The F«F distances do not show this
constant behavior.

The geometric parameters for Bu’,PF in the gas phase agree
quite well with the corresponding values for the rrans-di-
bromo(di-tert-butylfluorophosphine)nickel(II) complex in the
crystal: P-C = 1,86 (1) and 1.88 (1) A, P-F = 1.579 (7) A,
CPF = 97.3 (0.5) and 97.9 (0.5)°, and CPC = 113.8 (0.6)°.
Only the P-F distances in the gas phase and in the crystal do
not agree with each other.
 The effect of steric strain on the geometry of a molecule
can be demonstrated very clearly by comparing the structures
of trimethylphosphine?! and tri-zert-butylphosphine. The P-C
bond lengths increase from 1.846 (3) to 1.919 (5) A (Arpc
=0.073 (6) A). The same variation has been determined for
the C~C bond length in isobutane®? and tri-tert-butyl-
methane,?® which increases from 1.535 (1) to 1.611 (5) A
(Arc_c = 0.076 (5) A). However, the effect on the bond angles
is much stronger in the phosphines, where an increase of 11.3
(0.8)° (from 98.6 (0.3) to 109.9 (0.7)°) is observed, whereas
the difference is only 5.8 (0.5)°(110.9 (0.2)° for Me;CH and
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116.0 (0.4)° for Bu’;CH) for the methane derivatives. The
CPC bond angles in tri-zert-butylphosphine indicate that the
steric interactions between two tert-butyl groups are very
similar to the steric interactions between a tert-butyl group
and the lone electron pair.

Registry No. Bu'PF,, 29149-32-4; Bu’,PF, 29146-24-5; Bu;P,
13716-12-6.
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The crystal and molecular structure of Cu{cyclops)(NCO) (cyclops = difluoro-3,3’-(trimethylenedinitrilo)bis(2-butanone
oximato)borate), [Cu(C,;H;sN,O,BF;)(NCO)], has been determined from three-dimensional single-crystal x-ray diffraction
data, collected by counter techniques. The dark green crystals are monoclinic, space group P2, /¢ (No. 14), with four formula
units in a unit cell of dimensions @ = 13.552 (4) A, b = 11.818 (4) A, ¢ = 11.634 (5) A, and = 113.69 (1)°. The structure
was refined by full-matrix least-squares methods to an R value of 0.045 (R,, = 0.050) for 1528 independent reflections
with F? > 36(F?). The coordination geometry about the copper(II) ion in the neutral monomeric complex is based on a
square pyramid. While the Cu-N bonds to the macrocycle exhibit bond lengths in the normal range (1.990 (5)-2.009
(5) A), the displacement of the copper(Il) ion above the least-squares plane through these four nitrogen atoms is very large
(0.58 A). This extremely large axial displacement of the copper(II) ion is accompanied by formation of an unusually strong
bond to the axial cyanato-N ligand, with the Cu-N1(cyanate) distance found to be 2.038 (6) A. This very short axial
bond is felt to be a consequence of the unique electronic and steric properties of this unusual uninegative macrocyclic ligand.

Introduction

Transition-metal complexes of the macrocyclic ligand di-
fluoro-3,3’-(trimethylenedinitrilo)bis(2-butanone oximato)-
borate (1, R = CHj, hereafter referred to as cyclops) and

0020-1669/78,/1317-1258801.00/0

related ligands of the general formulation 1, together with
complexes of the precursor dioxime ligands of these macro-
cycles, have recently been the subjects of several chemical and
structural studies.!”® The studies of the difluoro—borate
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