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The molecular structure of tri-tert-butylphosphine imide has been re-determined using the recently developed
DYNAMITE method, which allows all assumptions about local symmetry to be removed without increasing the
number of refining structural parameters excessively. The imide hydrogen causes the NPBut

3 group to deviate
hugely from local C3 symmetry, with N−P−C angles returned as 99.2(9), 110.9(7), and 111.5(11)°, while the C−P−C
angles also deviate from symmetry, being 109.8(8), 110.5(9), and 113.9(9)°, so that the NPC3 fragment is close
to Cs rather than C3 symmetry. The application of the DYNAMITE method to HNPBut

3 also allows the methyl
groups to be asymmetric, which has been shown to be important by ab initio methods. The re-determination of this
structure using these more sophisticated methods has also resulted in a much shorter P−N bond than was previously
determined, and is consistent with the molecule being regarded as HNdPBut

3, rather than HN-sP+But
3.

Introduction

Small, simple changes to the chemical formula of a
molecule can result in dramatic changes to its structure. For
example, OPMe3 adopts a fully staggeredC3V structure (Fig-
ure 1a), shown by both gas electron diffraction (GED)1 and
by computational methods. However, when the oxygen is
replaced by the isoelectronic NH or CH2 groups to give the
imide or ylide, dramatic structural effects are observed.
HNPMe3 has been shown by theory to have aCs structure,
with the imidic hydrogen sitting exactly staggered between
two methyl groups (Figure 1b). This results in the P-C bonds
for the gauche methyl groups being approximately 2.5 pm
longer than the anti P-C bond. The N-P-C angles are also
greatly affected, with the gauche angles being 119.0°, while
the anti angle is 107.0°. These are huge effects to be imposed
by just one hydrogen atom. The effects are even greater when
the NH group is replaced by a CH2 group, with the ylidic
protons staggered (Cs symmetry, Figure 1c).2 In this case a
3.5 pm variation in P-C bond length and a 14° variation in
CPC bond angles are observed. With these dramatic changes
for relatively small, simple molecules, are the effects so

pronounced for phosphines with larger, more bulky, substit-
uents?

The original molecular structure determination of tri-tert-
butylphosphine imide was reported in 1985.3 Given the
limitations of the methodology available at the time, it was
necessary to make many symmetry assumptions about the
molecule to allow the investigation to proceed. Also, param-
eters relating to the position of the imide hydrogen were
fixed. It was thought that this hydrogen would have little
structural effect, and the large size of HNPBut

3 made it
necessary to make assumptions about local symmetry to
reduce the refining parameters to a manageable number.
However, we have demonstrated that this can lead to a
misplacement of atomic positions in the refined structure of
a molecule, as compensation even for inadequately modeled
hydrogen atoms is made by displacement of carbon atoms.4

The DYNAMITE method has recently been developed in
Edinburgh to deal with this problem.4 This method involves
the DYNAMic Interaction of Theory and Experiment, to
allow as many structural parameters as possible to refine,
while allowing a molecule to be truly asymmetric if required.
This is achieved by incorporating theoretical data, which are
continually updated, into the least-squares refinement pro-
cedure. To do this we have linked a molecular mechanics
procedure to our refinement program to calculate the
positions of the light atoms, in this case hydrogen, dynami-
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cally during the refinement process. Although ideally one
would use a computational method of higher quality,
computing time considerations enforce the use of a fast
method at this stage. This procedure removes the necessity
to make assumptions about the symmetry of the methyl
groups and therefore allows thetert-butyl groups to be
completely asymmetric if they require to be so. Although
molecular mechanics will calculate the differences between
the light-atom parameters (bond lengths, angles, and torsions)
reasonably accurately, it will not calculate the absolute values
well. The values are therefore scaled relative to refining
reference parameters to allow the structural parameters to
reproduce the experimental scattering intensities accurately.

DYNAMITE was developed using tri-tert-butylphosphine
oxide, which, while possessingtert-butyl groups withC1 local
symmetry, had overallC3 symmetry. This allowed the
method to be developed on a molecule that was sterically
crowded but still only required a small number of refining
parameters to describe the structure. The determination of
this structure using DYNAMITE allowed a much more
sophisticated analysis of the molecular structure than was
originally performed. Following the successful implementa-
tion of DYNAMITE for OPBut

3, we have now applied it to
HNPBut

3. Initial ab initio investigations indicated that this
structure hasC1 symmetry, with large differences between
C-P-C and N-P-C angles at the central phosphorus atom.
By applying the more sophisticated DYNAMITE method,
we have removed the large number of symmetry assumptions
that were necessary for the original structural determination.

Experimental Section

Theoretical Methods. Geometry optimizations and frequency
calculations were performed on a dual-processor Pentium III 1000
MHz workstation using the Gaussian 98 program.5 All MP2
calculations were frozen core [MP2(fc)]. For the DYNAMITE
optimizations the TINKER6 molecular mechanics package with the

MM3 parameter set was used. An extensive search of the torsional
potential of HNPBut3 was undertaken at the HF level with the
3-21G* basis set7-9 to locate all minima. Only one conformer, of
C1 symmetry, was located and further geometry optimizations were
undertaken at the HF and MP2 levels using the standard 6-31G*
basis set,10-12 and at the MP2 level using the 6-311G* basis set.13,14

The lowest energy structure of HNPBut
3 is shown in Figure 2,

with the atom numbering scheme. Analytic second derivatives of
the energy with respect to nuclear coordinates calculated at the
HF/6-31G* level for HNPBut3 gave the force field, which was used
to provide estimates of the amplitudes of vibration (u) for use in
the gas electron diffraction (GED) refinements. The force field was
also used to calculate the frequencies for the optimized structure,
which in turn provided information about the nature of the stationary
point on the potential energy surface. All calculated frequencies
were positive, indicating that the structure is a minimum on the
potential energy surface.

Gas Electron Diffraction Data. Original digital molecular
intensity scattering data3 for HNPBut

3 were reintroduced directly
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Figure 1. Molecular structures of OPMe3 (C3, left), HNPMe3 (Cs, middle), and H2CPMe3 (Cs, right), viewed along the X-P bonds (X) O, N, C).

Figure 2. Lowest energy molecular structure of HNPBut
3, viewed along

the N-P bond.
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into the new Edinburgh electron diffraction refinement program
ed@ed15 without further modification. The scattering factors of Ross
et al. were used in the refinements.16

Gas Electron Diffraction Model. With the DYNAMITE
method, positions of all the atoms are defined independently. There
are 3N - 6 ) 120 parameters (N ) 42). Of these possible 120
parameters, 81 relate to the 27 methyl hydrogen atoms (leaving 39
parameters to describe the rest of the molecule). However,
differences between distance, angle, and dihedral angle parameters
for the methyl hydrogen atoms are set and updated by the
computational (in this case molecular mechanics) method. There-
fore, of the potential 81 parameters required, only 1 distance, 1
angle, and 9 torsion parameters are needed. This reduces the total
number of independent parameters to 50 (11+ 39). This was further
reduced to 42 by treating all C-C distances as equal, an assumption
justified by the ab initio calculations. Although in principle there
are three different C-C distances within a butyl group, the ab initio
calculations showed that the differences are insignificantly small.
Our experience has shown that in such cases, if two additional
parameters are used to describe the differences, the values and
standard deviations returned exactly match those of the restraints
placed on them, so there is no benefit at all in using more than the
one parameter. The 42 parameters comprised seven bond lengths
and differences, 22 bond angles and differences, and 13 torsion
parameters (Table 1; atom numbering shown in Figure 2). The bond-
length parameters were N-H (p1), the average and difference of
C-C and P-N bond lengths (p2-3), and the average and two
differences for the three P-C bond lengths (p4-6). Independent
bond-angle parameters included three average and difference
parameters for the P-C-C angles of eachtert-butyl group, with
two associated C-C-C angles (p7-21). The third C-C-C
angle for eachtert-butyl group was thus a dependent param-
eter. For the first group, the average of∠P(3)-C(4)-C(5),
∠P(3)-C(4)-C(6), and ∠P(3)-C(4)-C(7) was used (p7), as
well as two difference parameters [∠P(3)-C(4)-C(5) -
∠P(3)-C(4)-C(6) and∠P(3)-C(4)-C(5) - ∠P(3)-C(4)-C(7)
(p8-9)]. ∠C(5)-C(4)-C(6) (p10) and∠C(5)-C(4)-C(7) (p11) were
used to complete the placement of the methyl groups. Equivalent
sets of parameters define the geometries of the second and third
butyl groups, with carbon atoms 8-11 and 12-15 replacing 3-7.
The average N-P-C angle (p22) and two difference param-
eters [N(2)-P(3)-C(4) - N(2)-P(3)-C(8) and N(2)-P(3)-C(4)
- N(2)-P(3)-C(12)] (p23-24) were also used, as were
∠C(4)-P(3)-C(8) and∠C(4)-P(3)-C(12) (p25-26) and∠P-N-H
(p27). The torsion parameters included the following threetert-
butyl group torsions: φN(2)-P(3)-C(4)-C(5), φN(2)-P(3)-
C(8)-C(9), andφN(2)-P(3)-C(12)-C(13) (p28-30) andφH-N-
P-C(4) (p31). Finally, parameters to describe the starting positions
of the hydrogen atoms were included. These were the mean C-H
bond length (p32), mean C-C-H bond angle (p33), and nine
parameters to describe the torsions of the three methyl groups about
their adjacent C-C bonds (p34-42). The meanings ofp32 - p42

changed according to the type of refinement being performed. For
example, for the initial SARACEN refinement,17 all C-H bonds
were of equal length. In the subsequent DYNAMITE refinement,4

they were different, sop32 then represented the mean distance.

Results

Theoretical Methods. The structure of HNPBut3 was
investigated ab initio. In a thorough potential energy surface

search, involving rotation of thetert-butyl groups around the
P-C bonds and the amide hydrogen about the N-P bond,
only one conformer of HNPBut3 was found. The molecular
geometry of HNPBut3 at the MP2(fc)/6-311G* level is given
in Table 2, along with those calculated at the HF/6-31G*
and MP2(fc)/6-31G* levels, to compare the effects of
improving basis set and level of theory on the structural
parameters, particularly the N-P bond length. The variation
within the structure of the C-H bond distances, C-C-H
bond angles, and P-C-C-H torsion angles is of im-
portance for the DYNAMITE investigation, and values from
the MP2(fc)/6-311G* calculation are listed in Table 3. The
coordinates from the highest level calculation are given in
Supporting Information Table S1.

It can be seen from Table 3 that, at the highest level of
theory and basis set investigated (MP2(fc)/6-311G*), the
C-C-H angles range from 107.8 to 114.1°, a variation of
over 6°. Failure to model this correctly in the electron dif-
fraction refinement has been shown previously to lead to
error in some of the heavy-atom parameter values as they
compensate for the light-atom positions.4 Allowance for this
variation must therefore be made in the GED refinement.
Another observation from this calculation is that the three
P-C-C-H torsion angles [e.g.,φPCCH(16/17/18)] within
a methyl group do not differ uniformly by 120°. This is
another assumption that is made when localC3V symmetry
is assigned to the groups during the electron diffraction
refinement.

Table 2 demonstrates how the inclusion of electron
correlation and increasing the size of the basis set used during
the calculations affects the observed molecular structure.
Most of the parameters listed vary little upon the inclusion
of electron correlation via the MP2 method, or upon the
increase in basis set from 6-31G* to 6-311G*. However, the
H-N and N-P bonds are sensitive to the inclusion of
electron correlation, with the H-N bond length increasing
by over 2 pm from HF/6-31G* to MP2(fc)/6-31G*, while
the N-P distance increases by 2.3 pm. The H-N-P bond
angle is also sensitive to both electron correlation effects
and basis set size, with a decrease of 2.4° from HF to MP2,
and an increase of 1.5° from 6-31G* to 6-311G*. Therefore
this parameter cannot be said to have converged, as its value
is still changing substantially at the limit of the calculations
performed [MP2(fc)/6-311G*]. However, we would expect
that change beyond this basis set size/level of theory to be
small, and as most other parameters have converged further
calculations were not performed.

Gas Electron Diffraction Refinement. The starting
parameters for the refinement were taken from the theoretical
geometry optimized at the MP2(fc)/6-311G* level. A theo-
retical (HF/6-31G*) Cartesian force field was obtained and
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converted into a force field described by a set of symmetry
coordinates using SHRINK18 which provided both the ampli-

tudes of vibration and the curvilinear corrections for the inter-
atomic distances. All geometric parameters (rh1) were then

Table 1. Refined and Calculated Geometric Parameters for HNPBut
3 (Distances in pm, Angles in deg) from the Original GED Study,a the SARACEN

Study, and the DYNAMITE Studyb,c

parameter MP2(fc)/6-311G* (re) original (ra) SARACEN (rh1) DYNAMITE ( rh1) restraint

Independent
p1 N-H 101.0 102.0(fixed) 101.1(10) 101.1(6) 101.0(5)
p2 C-C/P-N aVd 156.3 155.9(2) 156.0(2)
p3 C-C/P-N dd 5.0 5.4(5) 5.4(5) 5.0(5)
p4 P-C aV 189.8 191.3(6) 190.4(4) 191.2(4)
p5 P-C d1 -2.4 -2.4(5) -2.4(5) -2.4(5)
p6 P-C d2 -2.7 -2.7(5) -2.5(5) -2.7(5)
p7 P-C-C aV (gp 1) 110.9 110.9(8) 111.2(8) 110.9(10)
p8 P-C-C d1 (gp 1) 0.6 -0.2(10) -0.4(10) 0.6(10)
p9 P-C-C d2 (gp 1) -6.0 -5.5(10) -5.1(10) -6.0(10)
p10 C(5)-C(4)-C(6) 108.4 107.8(5)e 108.0(10) 107.9(10) 108.4(10)
p11 C(5)-C(4)-C(7) 105.4 105.1(10) 105.6(10) 105.4(10)
p12 P-C-C aV (gp 2) 111.1 112.5(10) 111.7(10)
p13 P-C-C d1 (gp 2) 0.9 1.6(10) 1.0(10) 0.9(10)
p14 P-C-C d2 (gp 2) -8.3 -8.3(10) -8.0(10) -8.3(10)
p15 C(9)-C(8)-C(10) 104.7 104.6(10) 104.8(10) 104.7(10)
p16 C(9)-C(8)-C(11) 108.6 108.5(10) 108.5(10) 108.6(10)
p17 P-C-C aV (gp 3) 111.3 109.6(11) 106.7(9)
p18 P-C-C d1 (gp 3) -1.3 -0.9(10) -1.4(10) -1.3(10)
p19 P-C-C d2 (gp 3) -8.1 -8.4(10) -8.7(10) -8.1(10)
p20 C(13)-C(12)-C(14) 105.2 105.4(10) 106.3(10) 105.2(10)
p21 C(13)-C(12)-C(15) 109.1 109.6(10) 110.2(10) 109.1(10)
p22 N-P-C aV 109.8 109.6(7) 107.3(3) 107.2(3)
p23 N-P-C d1 10.3 9.9(13) 11.8(14) 10.3(15)
p24 N-P-C d2 0.8 0.7(15) -0.8(15) 0.8(15)
p25 C(4)-P(3)-C(8) 109.7 109.7(9) 110.5(9) 109.7(10)
p26 C(4)-P(3)-C(12) 109.8 110.1(8) 109.8(8) 109.8(10)
p27 P-N-H 115.7 114.0(fixed) 115.8(11) 115.8(10) 115.7(10)
p28 φN(2)-P(3)-C(4)-C(5) 73.8 18.5(14)d 74.3(21) 72.2(20) 73.8(25)
p29 φN(2)-P(3)-C(8)-C(9) 67.6 67.2(19) 66.5(20) 67.6(25)
p30 φN(2)-P(3)-C(12)-C(13) -36.3 -34.7(20) -39.3(20) -36.3(25)
p31 H-N-P-C -172.9 160.0(fixed) -172.9(11) -172.9(11) -172.9(10)
p32 C-H 109.2 110.7(3) 114.5(3) 114.9(3)
p33 C-C-H 107.6 111.1(14) 108.6(8) 110.4(8)
p34 φP(3)-C(4)-C(5)-H(16) 72.6 -8.9(25)d 70.9(26) 71.4(27) 72.6(25)
p35 φP(3)-C(4)-C(6)-H(19) 175.9 176.4(26) 176.2(27) 175.9(25)
p36 φP(3)-C(4)-C(7)-H(22) 70.2 69.4(26) 69.5(27) 70.2(25)
p37 φP(3)-C(8)-C(9)-H(25) 73.8 73.1(26) 73.5(27) 73.8(25)
p38 φP(3)-C(8)-C(10)-H(28) 68.0 67.3(26) 67.8(27) 68.0(25)
p39 φP(3)-C(8)-C(11)-H(31) 175.4 175.3(27) 175.4(27) 175.4(25)
p40 φP(3)-C(12)-C(13)-H(34) 50.6 50.4(26) 50.0(27) 50.6(25)
p41 φP(3)-C(12)-C(14)-H(37) 51.9 53.3(26) 52.4(27) 51.9(25)
p42 φP(3)-C(12)-C(15)-H(40) 176.2 177.4(26) 176.7(27) 176.2(25)

butyl tilt -2.3(11)d

RG 0.120 0.072 0.067

Dependent
dp1 N(2)-P(3) 158.8 165.2(11)c 158.6(4) 158.7(4)
dp2 C-C aV 153.8 153.2(2)c 153.2(2) 153.3(2)
dp3 P(3)-C(4) 188.1 188.7(5) 189.6(5)
dp4 P(3)-C(8) 190.5 191.1(6) 192.0(6)
dp5 P(3)-C(12) 190.8 191.4(6) 192.1(6)
dp6 N(2)-P(3)-C(4) 103.2 100.9(9) 99.2(9)
dp7 N(2)-P(3)-C(8) 112.7 110.1(10) 111.5(11)
dp8 N(2)-P(3)-C(12) 113.5 110.8(8) 110.9(7)
dp9 P(3)-C(4)-C(5) 109.2 109.1(9) 109.3(9)
dp10 P(3)-C(4)-C(6) 108.5 114.5(11) 114.4(11)
dp11 P(3)-C(4)-C(7) 115.2 109.2(11) 109.7(11)
dp12 P(3)-C(8)-C(9) 108.6 110.3(11) 109.4(11)
dp13 P(3)-C(8)-C(10) 107.7 108.7(13) 108.3(13)
dp14 P(3)-C(8)-C(11) 116.9 118.6(12) 117.4(11)
dp15 P(3)-C(12)-C(13) 108.0 106.4(12) 103.3(11)
dp16 P(3)-C(12)-C(14) 109.4 107.4(13) 104.7(12)
dp17 P(3)-C(12)-C(15) 116.2 114.8(13) 112.0(12)
dp18 C(8)-P(3)-C(12) 107.9 114.3(10) 113.9(9)

a Ref 3. b Figures in parentheses are the estimated standard deviations of the last digits.c See text for parameter definitions.d P-N and C-C parameters
were defined separately in the original refinement.e As the original model had high symmetry, only one C-C-C angle, one methyl torsion, and one
tert-butyl torsion were included in the original study. A butyl tilt included in the original investigation was not needed in the current study because of the
different parameter definitions.
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refined. The DYNAMITE method was then activated as de-
scribed previously4 and the final refinement was performed.

In total all 42 geometric parameters and 10 groups of
vibrational amplitudes were refined. Flexible restraints were

employed during the refinements using the SARACEN
method.17 Altogether, 35 geometric and 6 amplitude restraints
were employed. These are listed in Tables 1 and S2.

In the final refinementR factors wereRG ) 0.072 (RD )
0.097) for the SARACEN refinement andRG ) 0.067 (RD

) 0.096) for the DYNAMITE refinement. The radial
distribution curve is shown in Figure 3, while the molecular
scattering intensity curves are shown in Supporting Informa-
tion Figure S1. Final refined parameters are listed in Table
1, interatomic distances and the corresponding amplitudes
of vibration are in Table S2, with the least-squares correlation
matrix shown in Table S3. Experimental coordinates from
the DYNAMITE GED analysis are given in Table S4.

Discussion

The molecular structure of tri-tert-butylphosphine imide
has been reexamined using a new gas electron diffraction
refinement method that has been developed in Edinburgh.4

The original determination of the gas-phase molecular struc-
ture3 required the use of many symmetry constraints for the
refinement to proceed. This refinement was performed before
the introduction of the SARACEN17 and DYNAMITE4

methods of structure determination, which use the power of
computational chemistry to aid the refinement process. The
SARACEN method uses flexible restraints determined from
a series of calculations to allow previously unrefinable struc-
tural parameters to refine. The DYNAMITE method goes
one step further and actually incorporates real-time calculated
atomic positions into the gas-phase electron diffraction re-
finement program. The dynamic interaction of theory (at this
time a molecular mechanics method) and experiment allows
all atomic positions to be determined individually, rather than
having to use symmetry constraints to allow the structure to
be refined. This is important because if light-atom positions
are constrained by symmetry in sterically crowded systems,
then the associated heavy-atom positions may be artificially
distorted to accommodate the constrained atoms.

The ab initio molecular structure investigation of HNPBut
3

has shown that the methyl groups of eachtert-butyl group

(18) Sipachev, V. A.J. Mol. Struct. (THEOCHEM)1985, 121, 143.

Table 2. Molecular Geometry of HNPBut3 at the HF/6-31G*, MP2(fc)/
6-31G*, and MP2(fc)/6-311G* Levelsa,b

parameter HF/6-31G*
MP2(fc)/
6-31G*

MP2(fc)/
6-311G*

Bond Distances
H(1)-N(2) 100.1 102.2 101.6
N(2)-P(3) 157.1 159.4 158.8
P(3)-C(4) 189.9 188.6 188.1
P(3)-C(8) 191.7 191.2 190.5
P(3)-C(12) 192.0 191.6 190.8

Bond Angles
H(1)-N(2)-P(3) 116.6 114.2 115.7
N(2)-P(3)-C(4) 103.9 103.0 103.2
N(2)-P(3)-C(8) 111.8 112.7 112.7
N(2)-P(3)-C(12) 112.2 113.5 113.5
P(3)-C(4)-C(5) 110.0 108.9 109.2
P(3)-C(4)-C(6) 108.9 108.7 108.5
P(3)-C(4)-C(7) 115.4 115.2 115.2
P(3)-C(8)-C(9) 109.6 108.2 108.6
P(3)-C(8)-C(10) 108.3 107.8 107.7
P(3)-C(8)-C(11) 116.7 117.0 116.9
P(3)-C(12)-C(13) 108.3 107.9 108.0
P(3)-C(12)-C(14) 110.5 109.1 109.4
P(3)-C(12)-C(15) 116.1 116.3 116.2

Bond Torsions
H(1)-N(2)-P(3)-C(4) -174.0 -173.4 -172.9
N(2)-P(3)-C(4)-C(5) 73.2 73.8 73.8
N(2)-P(3)-C(8)-C(9) 68.6 67.2 67.6
N(2)-P(3)-C(12)-C(13) -37.3 -36.3 -36.3

energyc -865.8303 -867.7261 -867.9261

a Distances in pm, angles in deg.b See Figure 2 for atom numbering.
c Energies in Hartrees, not corrected for zero-point energy.

Table 3. C-H Bond Lengths, C-C-H Bond Angles, and P-C-C-H
Bond Torsions for HNPBut3 Calculated at the MP2(fc)/6-311G* Levela,b

parameter rC-H ∠C-C-H φP-C-C-H

P-C(4)-C(5)-H(16) 109.0 113.0 72.6
P-C(4)-C(5)-H(17) 109.2 111.0 -51.0
P-C(4)-C(5)-H(18) 109.6 107.9 -169.2
P-C(4)-C(6)-H(19) 108.8 113.4 -70.2
P-C(4)-C(6)--H(20) 109.1 110.3 51.6
P-C(4)-C(6)-H(21) 109.6 107.8 170.9
P-C(4)-C(7)-H(22) 109.6 108.1 -175.9
P-C(4)-C(7)-H(23) 109.0 112.7 65.9
P-C(4)-C(7)-H(24) 109.1 113.0 -57.3
P-C(8)-C(9)-H(25) 108.9 113.2 73.8
P-C(8)-C(9)-H(26) 109.6 108.1 -167.7
P-C(8)-C(9)-H(27) 109.2 111.1 -49.5
P-C(8)-C(10)-H(28) 109.3 110.5 54.9
P-C(8)-C(10)-H(29) 109.6 108.2 172.6
P-C(8)-C(10)-H(30) 108.7 114.1 -68.0
P-C(8)-C(11)-H(31) 109.0 112.9 66.2
P-C(8)-C(11)-H(32) 109.7 108.5 -175.3
P-C(8)-C(11)-H(33) 109.2 112.6 -56.7
P-C(12)-C(13)-H(34) 108.7 113.4 -71.1
P-C(12)-C(13)-H(35) 109.6 108.2 169.7
P-C(12)-C(13)-H(36) 109.2 111.2 50.6
P-C(12)-C(14)-H(37) 109.4 111.9 -51.9
P-C(12)-C(14)-H(38) 109.6 108.0 -169.6
P-C(12)-C(14)-H(39) 108.9 113.3 71.8
P-C(12)-C(15)-H(40) 109.1 113.0 -57.3
P-C(12)-C(15)-H(41) 109.7 108.5 -176.2
P-C(12)-C(15)-H(42) 109.1 112.3 65.6

∆ range 1.0 pm 6.3° 6.0°c

a Distances in pm, angles in deg.b See Figure 2 for atom numbering.
c Defined as the range of differences between dihedral angles for adjacent
hydrogen atoms.

Figure 3. Experimental and difference (experimental- theoretical) radial-
distribution curves,P(r)/r, from the DYNAMITE refinement of HNPBut3.
Before Fourier inversion the data were multiplied bys‚exp(-0.00002s2)/
(ZC - fC)/(ZP - fP).
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are quite asymmetric. From Table 3 it can be seen that, at
the MP2(fc)/6-311G* level of theory and basis set, the C-H
bond distances vary from 108.7 to 109.7 pm, while the
C-C-H bond angles vary from 107.8 to 114.1°, an
enormous range of 6.3°. The bond torsions also indicate that
the P-C-C-H dihedral angles for any one methyl group
do not vary from each other by a uniform 120.0° but rather
that the groups are distorted in this sense as well, again with
a scatter of 6°. Such distortions are an inevitable consequence
of steric crowding. A far more unexpected observation from
the ab initio methods is the large distortion of the HNPC3

fragment. The P-C bonds indicate a pseudoCs structure for
this fragment, with one bond length returned at 188.1 pm,
while the other two are 190.5 and 190.8 pm. The shorter
bond is that anti to the N-H bond, with the two longer bonds
in gauche positions relative to the imido proton. Even more
dramatic differences are observed for the N-P-C bond
angles. The angle anti to the N-H bond is very narrow,
103.2° at the MP2(fc)/6-311G* level, but the two gauche
N-P-C angles are 112.7° and 113.5°. When compared to
the MP2(fc)/6-311G* calculated structure of the closely
related OPBut3 at the same level and basis,4 it can be seen
that this has aC3-symmetric OPC3 fragment, with O-P-C
bond angles of 109.1°, hardly distorted from tetrahedral
(109.5°). Therefore the effect of replacing the oxygen with
the N-H group is a massive distortion of the whole
molecule, caused by the imido proton. That such a small
change in structure should have such a large effect is quite
remarkable, and the asymmetry must be modeled within the
gas electron diffraction refinement for a reliable gaseous
structure to be determined.

The original gas-phase structure determination of HNPBut
3

used thirteen parameters to describe the structure, with local
3-fold symmetry for the methyl groups, thetert-butyl groups,
and the NPC3 fragment. In addition, parameters relating to
the N-H group (N-H distance and P-N-H angle) could
not be refined, because there is little information relating to
the hydrogen atom in the gas electron diffraction data. The
problems associated with refining the imido parameters and
of including the asymmetry of the NPBut

3 fragment can be
solved using the SARACEN method, while the asymmetry
in the methyl groups can be included via the DYNAMITE
method.

The original data were reanalyzed, using 42 parameters
and a calculated force field, with the SARACEN and
DYNAMITE methods, with the results listed in Table 1. It
can be seen that the inclusion of asymmetry via the
SARACEN method results in a large improvement to the
goodness-of-fit parameter (0.072 forRG compared to 0.120
for the original refinement). Allowing the methyl groups to
be asymmetric resulted in even more improvement in the R
factor (to 0.067). Thus the experimental data are fully in
agreement with the markedly asymmetric structure predicted
by the ab initio calculations. In general, the esds improved
and there were significant changes to some of the heavy-
atom parameters, indicating that the inclusion of asymmetry
for the methyl groups is important. All the P-C bond lengths
increase by approximately 0.8 pm upon the inclusion of

DYNAMITE. All the C-C-C angles within thetert-butyl
groups get slightly smaller, implying that the methyl carbon
atoms were compensating for the symmetry imposed upon
the methyl hydrogen atoms. In thetert-butyl group anti to
the imido proton [with C(4) at the center], the P-C-C angles
hardly change with the introduction of DYNAMITE. How-
ever, in the other twotert-butyl groups, gauche to the imido
proton, there are some large changes, with the P-C(8)-C
angles all decreasing by∼1°, while the P-C(12)-C angles
all decrease by∼3°. The N-P-C angles also display
changes, with the trans∠N-P-C(4) becoming even more
acute [from 100.9(9) to 99.2(9)°], while ∠N-P-C8) in-
creases from 110.1(10) to 111.5(11)°. The N-P-C(12) angle
hardly changes. Therefore, all the rearrangement in thetert-
butyl groups has had the effect of pushing the anti group
toward the nitrogen atom and one of the gauche groups away
from it.

The low-temperature neutron and X-ray diffraction struc-
tures of another sterically encumbered phosphorane were
reported in 1998.19 The data for imino(triphenyl)phosphorane
(HNPPh3) were collected at 150(2) K for the X-ray structure
and 20(1) K for the neutron diffraction structure. The aim
of the study was to elucidate the nature of the P-N bond in
iminophosphoranes. The P-N bond length was returned at
158.2(2) pm and the P-N-H angle was 115.0(2)° from the
neutron study. These compare well with those deter-
mined for the gaseous structure of HNPBut

3, 158.7(4) pm
and 115.8(10)° respectively. The angles around phosphorus
were also found to vary by about 6°, ranging from 109.1(1)
to 115.6(1)°. This is not as wide a range as is observed in
HNPBut

3 [99.2(9) - 111.5(11)°] but is still significant.
Unfortunately, the authors were unable to draw any firm
conclusions regarding the nature of the P-N bond in HNPPh3
from their investigations.

One reason for analyzing the gaseous data was to rein-
vestigate the nature of the P-N bond. The original inves-
tigation concluded that, as the P-N bond was so long
[165.2(11) pm] it should be regarded as single and so the
molecule was considered as ionic HN--P+But

3, rather than
covalent HNdPBut

3.3 However, there should still be elec-
trostatic attraction which would also shorten the P-N
distance. A parallel conclusion was also originally reached
for the structure of OPBut3.3 Upon reanalysis of the data for
OPBut

3
4 it was found that, in fact, the O-P bond was

approximately 9 pm shorter than originally thought. The same
trend is revealed in the current investigation of the P-N
bond for HNPBut3. The P-N distance was calculated
[MP2(fc)/6-311G*] to be 158.8 pm, and determined by the
DYNAMITE method to be 158.7(4) pm, 6.5 pm shorter than
the original value of 165.2(11) pm.3 Therefore the distance
is consistent with this bond being double and therefore
covalent, although, as mentioned above, the influence of
electrostatic forces could result in a short ionic bond. Ligand
sphere asymmetry could also account for the shorter bond
length, which is why a sophisticated structural analysis using

(19) Davidson, M. G.; Goeta, A. E.; Howard, J. A. K.; Lehmann, C. W.;
McIntyre, G. M.; Price, R. D.J. Organometallic Chem.1998, 550,
449.
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DYNAMITE is important. The overall radii of the ligands
has been shown to affect bond lengths of other substituents
attached to the central atom,20 and they should not simply
be considered as symmetric spheres. Another point to note
is that neither of the initial investigations accounted ad-
equately for the close proximity of the C-C and P-N/O
bonds under the same peak in the radial distribution curve,
which led to the P-N/O bond lengths being overestimated,
while the C-C bond lengths were underestimated.

Examination of the four highest occupied molecular
orbitals (HOMOs) at the MP2(fc)/6-311G* level also reveals
interesting information about the nature of the P-N bond.
The four HOMOs shown in Figure 4 are all involved with
P-N bonding. The orbitals shown in 4a and d both indicate
significant π-bonding character. While the calculation of
electron density is accurate, the graphical representation of
the molecular orbitals is somewhat arbitrary and dependent
on the package used. However, the results do serve to
reinforce the conclusion from the GED and ab initio inves-
tigations that the P-N bond can be regarded primarily as a
covalent double bond, rather than as an ionic single bond.

The re-determination of the molecular structure of tri-tert-
butylphosphine imide has revealed that the original assump-
tions of local symmetry for the methyl,tert-butyl, and NPC3

groups were invalid. Reexamination of the structure using
the DYNAMITE method has shown that the use of a fully
asymmetric model provides a better fit to the data than the
original model and gives more realistic esds than when the
SARACEN method is used. The structure is highly asym-
metric, and when compared to the relatively symmetric
OPBut

3 it can be seen that the imide hydrogen has an enor-
mous effect on the overall structure. This finding completely
opposes the original supposition that the NH group would
have little effect on the structure. This investigation has also
led to the finding that the P-N bond can be regarded as
covalent rather than ionic.
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Figure 4. Four highest occupied molecular orbitals (a ) HOMO, d ) HOMO - 3) at the MP2(fc)/6-311G* level for HNPBut
3.
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