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The microwave spectrum of 1,2-diphosphinoethane has been investigated in the
11.0-38.0 GHz spectral region at about —40°C. The gas phase consists of a
complex equilibrium mixture of several rotameric forms of the molecule. Four
conformers, two P-C-C-P anti and two P-C—C-P gauche with different orienta-
tions of the phosphino groups, have been assigned. Anti II was found to be the
most stable conformer that possesses a dipole moment different from zero.
Anti II is 3.4(5) kJ mol~! more stable than Gauche V, 3.5(5) kJ mol~! more
stable than Anti III, and 4.7(6) kJ mol ! more stable than Gauche IV.

One of these rotamers, 4nti II, displays tunnelling in the ground vibrational
state. The tunnelling frequency is 8.387(48) MHz. Tunnelling is absent in the
first excited state of the C-C torsion.

The microwave work has been assisted by ab initio computations at the
MP2/6-31G** level of theory. Computations were carried out for the 10
rotamers, six P-C—-C-P gauche, and four anti forms, that are minima on the
potential energy surface. These calculations predict that the four anti forms are
all slightly more stable than any one of the six gauche conformers. The most
stable conformation is calculated to be Anti IV, but this rotamer has no dipole
moment for symmetry reasons, and hence cannot be observed by microwave
spectroscopy. The agreement between the MP2/6-31G** predictions of rotational
constants and energy differences are very good in all cases where experimental
data are available.

The tendency to prefer P-C—C-P anti conformations is in accord with the
general gauche effect. Intramolecular repulsion may be of importance in at least
some of the gauche conformations, leading to a stabilisation of anti rotamers by
repulsive forces as well.
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It is well known that phosphines are excellent ligands
for transition metals, and their complexes have been
widely investigated.® Some of them are also especially
effective homogenous catalysts in many chemical pro-
cesses.” 1,2-Diphosphines, R;R,PCH,CH,PR,R,, are
known to form bidentate complexes in which P-C-C-P
chain of atoms take the gauche conformation. In addi-
tion, complexes where this chain is anti are also known.?

The simplest phosphines are volatile, poisonous, pyro-
phoric and possess unpleasant odours. This is presumably
one reason why no structural or conformational studies
have been reported for 1,2-diphosphinoethane,
H,PCH,CH,PH,, in the gas phase in spite of the fact
that this is the prototype molecule for the P-C-C-P
linkage. The lack of information of the structural and
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conformational properties of this central compound was
the major reason for carrying out the present research.
The title compound presents a complicated conforma-
tional problem because rotational isomerism is possible
around the two C-P bonds and the C-C bond, with the
result that as many as 10 different all-staggered con-
formations may exist as stable minima on the potential
energy surface. These 10 forms are depicted in Figs. 1
and 2. In Fig. 1, the six rotamers having a P-C-C-P
gauche arrangement are shown, while the four conforma-
tions having the said atoms in the anti position are drawn
in Fig. 2. Relatively small energy differences between
several of these rotamers were expected because in
the isoelectronic compounds HSCH,CH,SH*® and
CICH,CH,CI* there are small energy differences between
heavy-atom gauche and anti forms. Moreover, in the
closely related compound CH3CH,PH, gauche and anti®
with respect to the orientation of the phosphino group
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Gauche |

Gauche 1l

Gauche ill

Gauche V

Gauche Vi

Fig. 1. The six all-staggered ‘stable’ conformations of
1,2-diphosphinoethane possessing a P-C-C-~P gauche con-
formation. Atom numbering is shown on the Gauche |
rotamer. Gauche V and Gauche |V were assigned in this
work together with Anti Il and Anti lll shown in Fig. 2. Anti Il
is 3.4(5) kJ mol ~'more stable than Gauche V, 3.5(5) kJ mol '
more stable than Anti Il and 4.7(6) kJ mol~" more stable
than Gauche IV.

Anti | Anti ll

Anti llt Anti IV

Fig. 2. The four ‘stable’ conformations of
1,2-diphosphinoethane having a P-C-C-P anti conformation.
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exist with a small energy difference of 2.4(12) kJ mol ~!.%*
Our expectation that 1,2-diphosphinoethane would con-
sist of a complex mixture of several conformers in the
gas phase turned out to be correct, as shown below.

Microwave (MW ) spectroscopy is ideal for investiga-
ting complicated conformational equilibria where several
conformers are present because of its high selectivity and
specificity, and this was another motivation to investigate
1,2-diphosphinoethane by this method. Moreover, rela-
tively high-level ab initio computations are often found
to be useful in predicting rotational constants, dipole
moments and energy differences that are sufficiently close
to the experimental ones to be really helpful starting
points in the spectral analysis. In addition, such computa-
tions may give important hints about rotamers that for
whatever reason have not been assigned by MW spectro-
scopy. Such computations are thus also of interest in
their own right.

Experimental

The sample utilized in this work was purchased from
Strem Chemicals. Inc. The compound was purified by
distillation before taking the MW spectra. The sample
was kept at dry-ice temperature (— 78 °C) or in a refriger-
ator (—40°C) when not in use. The MW spectrum was
studied using the Oslo spectrometer which is described
in Ref. 6. The 11-38 GHz spectral region was investi-
gated with the microwave absorption cell cooled to about
—40°C. Lower temperatures, which would have
increased the MW spectral intensities, could not be
employed owing to insufficient vapour pressure of the
compound. The pressure was about 2-8 Pa when the
spectra were recorded and stored electronically using the
computer programs written by Waal.” The accuracy of
the spectral measurements is presumed to be better than
+0.10 MHz and the maximum resolution to be about
0.2 MHz at a pressure of ca. 2 Pa.

Results and discussion

Ab initio calculations. The Gaussian 92 program pack-
age® running on the IBM RS6000 cluster in Oslo was
employed in all the ab initio calculations of the conforma-
tional and structural properties of the title molecule. The
6-31G** basis set provided with the program was
selected for the computations which were made using the
‘frozen-core’ computational procedure.® Electron cor-
relation was included using the second-order Mgller—
Plesset (MP2) perturbation theory.® The geometries of
all ten forms shown in Figs. 1 and 2 were fully optimized.
All these conformations were found to be minima
(‘stable’) on the potential energy surface, as no imaginary
vibrational frequencies'® were computed for any of them.
Important results of the computations are summarized
in Table 1 for the six P-C—C-P gauche, and in Table 2
for the Four anti rotamers. Atom numbering is shown
in Fig. 1. The energy differences between the most stable
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Table 1. Structure, rotational constants and dipole moments of the six stable gauche rotamers of H,PCH,CH,PH, calculated

at the MP2/6-31G** (frozen core) level.

Conformer:? Gauche | Gauche Il Gauche Il Gauche IV Gauche V Gauche VI
Distance/pm

P1-H1 140.8 140.8 140.9 141.0 140.9 140.8
C1-P1 186.8 186.9 187.2 186.3 186.2 186.8
P1-H2 40.9 141.0 140.9 140.8 140.7 140.8
C1-H3 109.2 109.2 109.2 109.2 109.2 109.0
C1-H4 109.0 109.1 109.0 109.2 109.3 109.2
C1-C2 153.0 153.1 153.0 152.9 153.1 153.0
C2-H5 109.2 109.2 109.0 109.3 109.3 109.2
C2-H6 109.1 109.3 109.2 109.0 109.2 109.0
C2-P2 187.1 186.5 187.2 186.9 186.2 186.8
P2-H7 140.9 140.6 140.9 140.8 140.7 140.8
P2-H8 140.6 140.9 140.9 140.7 140.9 140.8
Angle/°

H1-P1-C1 97.4 96.9 96.6 97.1 96.9 98.2
H1-P1-H2 95.0 94.8 94.8 94.8 94.7 94.6
P1-C1-H3 107.2 107.5 107.1 106.7 107.2 111.4
P1-C1-H4 110.8 110.2 110.6 106.0 105.1 106.2
P1-C1-C2 112.2 112.7 113.4 1179 118.7 112.6
C1-C2-H5 108.7 109.1 108.9 108.8 109.0 108.9
C1-C2-H6 110.3 110.3 109.5 110.2 110.2 110.2
C1-C2-P2 113.1 118.3 113.4 113.3 118.7 112.6
C2-P2-H7 96.4 98.3 96.5 96.5 98.7 96.9
C2-P2-H8 99.0 96.7 96.6 99.0 96.9 98.2
Dihedral angle?/°

H2-P1-C1-H3 —167.3 —165.6 —174.9 70.5 75.8 —53.0
H1-P1-C1-H3 -71.3 -70.0 —79.3 166.3 171.7 42.7
H1-P1-C1-H4 45.6 46.5 37.0 —80.8 -76.0 159.2
H1-P1-C1-C2 168.4 169.0 159.8 41.9 46.2 —-81.7
P1-C1-C2-H5 182.4 190.3 179.7 184.7 195.0 187.3
P1-C1-C2-H6 —60.7 —54.1 —63.5 —-58.3 —49.3 —55.2
P1-C1-C2-P2 65.0 69.8 56.1 67.4 74.8 69.9
C1-C2-P2-H7 178.8 —48.0 64.1 175.4 —49.7 —177.4
C1-C2-P2-H8 —85.4 47.9 159.7 —88.8 46.2 —-81.7
Non-bonded distances “?/pm

P1---H7 464.2 300.0 385.9 482.0 3245 465.1
P1---H8 321.7 392.8 4711 345.8 406.2 319.7
P1.--P2 350.2 368.1 342.4 365.4 386.7 356.2
Rotational constants®/MHz

A 8482.7 8912.5 8234.8 8629.1 9263.3 8568.8
B 2125.9 1992.3 2176.9 2054.3 1894.1 2111.2
C 1840.4 1767.7 1865.8 1789.0 1700.3 1826.6
Principal-axes dipole moment components®/1073° C m

Ua 1.40 3.37 0.00 2.33 0.00 0.00
Ho 5.87 5.34 7.87 3.60 2.80 410
He 3.24 1.17 0.00 3.80 0.00 0.00

2 See Fig. 1 for definition. ® Measured from syn=0°. Positive dihedral angle corresponds to clockwise rotation. ° Calculated
from the structure given in this table. ¢ Sum of van der Waals radii: ' H---P =310 pm; P---P 380 pm.® 1D =3.33564 x 1073 C m.

rotamer, Anti IV, and the other forms are listed in
Table 3.

These tables reveal some interesting predictions: The
bond distances are all very similar to the accurate r,-
values determined for gauche and anti ethylphosphine.*®
This is also the case for the bond angles.

The variation of one bond angle, viz. the C-C-P
angle, with the orientation of the phosphino group
deserves comments. If the phosphino group is oriented
such that the presumed direction of the lone electron
pair of this group is anti to the C-C bond, a large

C—C-P angle is predicted. If the lone pair is gauche to
this bond the C—C-P angle is typically computed to be
5-6° smaller. A similar variation was also seen in the -
structure determined for ethylphosphine®® as well as in
the three conformers found for 3-phosphinopropionitrile
(H,PCH,CH,C=N).!! This tendency has been ascribed
to non-bonded repulsion between the H atoms of the
phosphino group and the H atoms of the methyl or
methylene groups in ethylphosphine.’

It is seen in Table 3 that the energies of all ten rotamers
fall within a relatively narrow range of about
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Table 2. Structure, rotational constants and dipole moments
of the four stable anti rotamers of H,PCH,CH,PH, calculated
at the MP2/6-31G** (frozen core) level.

Conformer:? Anti | Anti Il Anti Il AntilV
Distance/pm

P1-H1 140.9 140.9 140.9 140.9
C1-P1 186.7 186.9 186.7 186.5
P1-H2 140.9 140.9 140.9 1409
C1-H3 109.2 109.1 109.2 109.2
C1-H4 109.0 109.0 109.0 109.2
C1-C2 152.8 152.6 152.8 152.4
C2-H5 109.2 109.3 109.0 109.2
C2-H6 109.0 109.2 109.2 109.2
C2-P2 186.7 186.3 186.7 186.5
P2-H7 140.9 140.9 1409 140.9
P2-H8 140.9 140.9 1409 140.9
Angle/°

H1-P1-C1 97.8 97.8 97.8 97.0
H1-P1-H2 949 94.8 94.8 94.6
P1-C1-H3 107.2 107.4 107.4 106.9
P1-C1-H4 1115 1115 111.2 106.9
P1-C1-C2 110.7 111.0 110.8 116.2
C1-C2-H5 109.8 110.2 110.2 110.1
C1-C2-H6 110.3 110.3 109.8 110.1
C1-C2-P2 110.7 116.1 110.7 116.2
C2-P2-H7 97.8 96.9 97.1 97.0
C2-P2-H8 96.9 97.0 97.8 97.0
Dihedral angle®/°

H2-P1-C1-H3 —168.2 —-168.2 —-167.4 75.7
H1-P1-C1-H3 —-723 —72.4 -715 171.2
H1-P1-C1-H4 449 44.8 45.6 —75.7
H1-P1-C1-C2 168.1 167.9 168.6 47.7
P1-C1-C2-H5 —61.9 —61.2 —61.3 —58.3
P1-C1-C2-Hé6 56.1 55.5 56.7 58.3
P1-C1-C2-P2 180.0 177.3 175.2 180.0
C1-C2-P2-H7 191.9 —479 72.8 —47.8
C1-C2-P2-H8 —72.2 47.6 168.6 47.7
Rotational constants®/MHz

A 21064.4 21003.6 21073.2 20941.0
B 1424.4 1407.2 1423.6 1391.6
c 1382.4 1368.9 1382.0 1356.6
Principal-axes dipole moment components®/1073° C m

Ha 0.00 1.20 0.00 0.00
Hp 0.00 3.40 0.00 0.00
He 0.00 2.30 4.10 0.00

a9 Comments as for Table 1.

Table 3. Energy differences relative to Anti IV obtained in
the MP2/6-31G** (frozen core) computations.

Conformer Relative energy/kJ mol ™"
Anti IV 0.0
Anti Il 2.8
Anti | 4.9
Anti lll 5.0
Gauche V 6.8
Gauche IV 71
Gauche VI 8.1
Gauche Il 8.5
Gauche | 8.6
Gauche Il 119

The total energy of Anti IV is —2001 546.74 kJ mol ™’
(—762.348 858 8 hartree).
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12 kJ mol ™. The anti orientation of the P-C—~C-P chain
of atoms is slightly preferred, as the four anti forms are
each computed to be more stable than any one of the
six gauche rotamers, with Anti IV as the most stable one
of all rotamers.

The orientation of the phosphino group also seems to
be important for the relative energies of the conformers.
In Gauche V both phosphino groups have their lone pairs
anti to the C—C bond. This rotamer is computed to be
the most stable one of the gauche forms (Table 3). The
situation for the anti rotamers parallels this: here, the
Anti 1V, which also has this anti arrangement for both
lone electron pairs, is the most stable one. These predic-
tions are reminiscent of experimental findings made
for ethylphosphine, where the rotamer having the
lone pair anti to the C—C bond is more stable by
2.4(12)kJ mol~!'* In 3-phosphinopropionitrile the
same conformational preference of the phosphino group
was observed both for the one P-C—C-C gauche and the
two anti conformers assigned in this case.!! It is likely
that the propensity for preferring an anti orientation of
the lone electron pair of the phosphino group is a
general one.

Attractive forces such as intramolecular hydrogen (H)
bonding which seem to stabilize the gauche form of
H,PCH,CH,C=N, making this form the most stable
one,!! appear to be of little importance in the case of the
title molecule in these MP2/6-31G** computations. This
effect might to a small extent be present in two of the
six gauche conformations, i.e. Gauche I and Gauche II,
both of which could have weak P-H---P hydrogen bonds,
since the non-bonded H---P distances are calculated to
be 322 and 300 pm, respectively (Table 1), approximately
the same as the sum of the van der Waals distances of
phosphorus and hydrogen (310 pm).!> However,
Gauche I and Gauche II are each calculated to be more
than 8 kJ mol ! less stable than Anti IV (Table 3). This
behaviour of H,PCH,CH,PH, is strikingly different from
that of its amino congener, H,NCH,CH,NH,, where
conformations similar to Gauche I and Gauche II are the
most stable ones and undoubtedly stabilized by weak
internal N-H---N hydrogen bonds."?

MW spectrum and assignment of the ground vibrational
state of Anti II. 1,2-Diphosphinoethane has a very rich
spectrum with absorptions occurring every few MHz
throughout the entire MW range. A striking feature
of this spectrum in the 20-38 GHz range is a series of
strong lines protruding from the dense background
of weaker ones. The peak absorption intensities of the
strongest members of this series, which are the strongest
ones in the whole spectrum, are roughly 4 x 10”7 cm™*
at —40°C. Moreover, all these lines were noted to be
split by 0.5-0.6 MHz into two components of equal
intensity. This splitting is presumed to be caused by
large-amplitude tunnelling, as described in the next
paragraph.

The ab initio calculations above indicate that Anti IV



is the most stable form of 1,2-diphosphinoethane
(Table 3). However, this rotamer has zero dipole moment
(Table 2) for symmetry reasons, and therefore cannot be
observed by MW spectroscopy. The rotamer with the
second lowest energy is predicted to be Anti II. This
conformer is computed to be 2.8 k] mol~! less stable
than Anti IV (Table 3), and it was therefore decided to
search for this rotamer first.

The rotational constants in Table 2 indicate that Anti IT
is an almost prolate symmetrical top with the asymmetry
parameter k~ —0.99. Its largest dipole moment compon-
ent is calculated (Table 2) to lie along the b-inertial axis.
The MW spectrum was thus predicted to possess a strong
series of high-J b-type K_,=1«0 Q-branch transitions
in the 20-38 GHz range. Attempts to fit the series of
strong, split lines just mentioned taking their average
frequencies, met with immediate success. All ®Q-trans-
itions up to J=38 were soon assigned. Some selected
transitions are shown in Table 4.*

The assignments of low- and intermediate-J b-type R-
branch transitions were made after some searching. Some
of these transitions turned out to be split, while others
were broad, or displayed no resolvable splitting. In no
cases were splittings larger than about 2 MHz observed
for any of these transitions.

Anti ITis computed to have a significant dipole moment
component along the c-axis (Table 2). The two K_;=
1<0 and K_;=2«1 °Q-branch series occurring in the
investigated spectral range were predicted to be the
strongest c-type lines belonging to the spectrum of this
rotamer. The former of these two series was assigned
first in the 11-15 GHz region, where they are among the
strongest transitions encountered here. All these c-type
Q-branch transitions display splittings much larger (typ-
ically about 17 MHz; see examples in Table 4) than the
b-type transitions.

The strongest members of the latter K_;=2«1 series
were then easily assigned in the 30-38 GHz spectral
region. These transitions are split by 14-15 MHz. It was
noted that they are much less intense than the °Q-lines
occurring here. This is an indication that the dipole
moment component along the c-inertial axis (y.) is
considerably less than ,, in keeping with the predictions
for Anti II (Table 2). The K_,=2«1 series could be
followed up to a maximum value of J=72. The splittings
become progressively a bit smaller as J increases. A few
‘R-type lines were also assigned. They are split in the
same manner as the ‘Q-branch lines are.

The frequencies of the a-type R-branch transitions
were predicted next. Individual “R-lines could not be
assigned with certainty presumably owing to their low
intensities. This is in agreement with the small value of

* The full spectra of the four conformers assigned in this work
are available from the authors upon request, or from the
Molecular Spectra Data Center, National Institute of
Standards and Technology, Molecular Physics Division, Bldg.
221, Rm. B265, Gaithersburg, MD 20899, USA, where they
have been deposited.

MW SPECTRUM OF 1,2-DIPHOSPHINOETHANE

Table 4. Selected transitions from the MW spectrum of the
ground vibrational state of Anti Il of 1,2-diphosphinoethane.

Transition Observed Obs. —calc.
Ji_ ko, %k, frequency?’/MHz  freq./MHz
b-type
8178038 (+)<(+) 20047.00 0.06
(—)e=(-) 20047.53 -0.03
1241112012 (+){(+)  20894.45 —0.04
(—=)e(=) 20895.01 -0.05
1711617047 (+)=(+) 22 470.19 —0.09
(=)e=(-) 22470.75 -0.03
2142021921 (+)e(+) 24191.74 —-0.14
(=)e=(-) 24192.32 —0.01
190,19 184,18 (+)(+) 36528.02 —0.27
(—=)e=(-) 36528.52 0.20
25124‘-250,25 (+)""(+) 26374.17 —-0.14
{(—)e(-) 26374.73 0.01
2842727526 (+)e(+) 27 498.91 0.13
(—=)e(-) 27500.31 0.03
3143031031 (+)e(+)  30623.39 —0.08
(—)e=(=) 30623.99 0.09
331,32 4—330133 (+ )4—( +) 32 32436 004
(—=)e=(=) 32324.96 0.19
3643635233 (+)(+) 25161.06 —0.20
(—)e=(-) 25162.61 0.23
3713637037 (+)(+) 3618252 —0.01
(—)e=(-) 36183.13 0.02
415414008 (+)(+) 3271251 ~0.17
(=)e=(-) 32714.34 0.02
c-type
154,15 150,15 (—)(+) 17 132.51 —0.17
(+)e—(—) 17 115.22 —0.02
190,19 18147 (=)(+) 29921.77 —-0.29
(+)e=(—) 29904.32 0.04
1941919919 (—)—(+)  15936.39 0.14
(+)e=(—) 15918.82 -0.17
244242805, (—)e(+) 14199.01 0.22
(+)e(-) 14181.59 0.04
2842828028 (—)(+) 12684.51 0.06
(+)e(—) 12667.32 0.14
321323203, (—)e(+) 11126.09 0.04
(+)e=(=) 11108.91 0.12
473246487146 (—)(+) 37714.95 —0.08
(+)e=(—) 37700.14 -0.13
5355053152 (—)(+)  32959.12 0.02
(+)e(—) 32944.68 0.00
59,5591 58 (—)e(+) 28090.46 0.14
(+)e=(—) 28076.01 -0.08
646364163 (—)(+)  24085.68 0.00
(+)(—) 2407175 0.18
7137071170 (—)e(4) 18791.16 —0.04
(+)e(=) 18777.46 0.02
2 +0.10 MHz.

K, predicted for Anti IT (Table 2). However, the “R-pile-
ups of the high-K_; members were easily observed at
frequencies predicted using the spectroscopic constants
in Table 5 for the J=7«6 up through the J=13+«12
transitions. None of these pile-ups are split by
several MHz, such as c-type transitions are. The splitting
of the a-type lines are definitely small and presumably
of the same magnitude as those seen for the b-type
transitions (2 MHz).

Tunnelling. Our explanation for the doublet splittings seen
for the b- and c-type lines (Table 5) is that they arise from
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Table 5. Spectroscopic constants®® of the (+)- and
(—)-states of Anti Il of 1,2-diphosphinoethane.

No. of transitions: 169
R.m.s. dev./MHz: 0.088

(+)-state (—)state
A,/MHz 20731.289(32) 20731.945(31)
B,/MHz 1409.968 8(15) 1409.970 8(15)
C,/MHz 1371.259 8(15) 1371.259 1(15)
A,/kHz 0.147 18(70) 0.146 58(70)
A jk/kHz —2.012(33) —0.737(32)
Ax/kHz d d
8,4/kHz 0.005 924(27) 0.005 865(29)
dx/kHz d d
A°/MHz 8.387(48)

2 As defined by Nielsen.' ?Uncertainties represent one
standard deviation. ¢ Root-mean-square deviation. ? Pre-set
at zero in least-squares fit.

a large-amplitude motion of one of the phosphino groups.
A 120° rotation around the C1-P1 bond (Fig. 2) produces
a conformation that is spectroscopically identical to one
depicted in this figure. The ground state is a symmetrical
or (+) state, while the first excited state of this double
minimum potential is an antisymmetrical or (—) state.
The separation between these states, A, is about half the
splitting observed for the c-type transitions with the small-
est values of J (ca. 8.5 MHz).

The tunnelling motion results in different selection
rules. An operation that interchanges the conformation
of the phosphino group is presumed to invert the spatial
direction of the c-axis dipole moment component, while
no such inversion occurs for the other two dipole moment
components. The selection rules are thus those of a
rigid rotor plus (—)<(+), or (+)«(—) for the c-type
transitions, while the a- and b-type transitions obey rigid-
rotor plus (+)«(+) or (—)«(—)selection rules. The c-
type lines should thus be split into two components
roughly equal to the rigid-rotor frequency plus or minus
ca. 8.5 MHz, while the a- and b-type transitions should
be unsplit by tunnelling. The small splittings (<ca.
2 MHz) observed for several of the b-type lines are
caused by effects comparable to the ordinary vibration—
rotation coupling that separates excited states from the
ground vibrational state.

In order to derive the spectroscopic constants for this
tunnelling the computer program ASMIXX written by
Nielsen'* was utilized. This program employs an effective
two-level rotation—vibration Hamiltonian including
quartic and sextic centrifugal distortion constants and
coupling terms of the p- or L-type.!*'* The reduced
Hamiltonian has the following definition:*

H oq=10){H,©+ H{O}O0|+|1){H" + Hy" + W, }
x (1| +10>H 1|+ 1) H <0

HO=XW] 24 YO 24 Z0 ]2

Hy™ = {Watson quartic and sextic

centrifugal distortion}
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WOl =<1|Hvib0|1>_<0|Hvibo|O>
chpyz(']y‘lz"'-lx«]y) or Lxe

A total of roughly 280 transitions were assigned for
the ground vibrational state of Anti II. 169 of these were
used to derive the spectroscopic constants shown in
Table 5. The transitions selected for this purpose were
all well resolved. In the least-squares procedure used to
derive the parameters of this table, the rotational con-
stants, and three of the quartic centrifugal distortion
constants of both the (+)- and the (—)-states were fitted
together with the separation between the (+)- and the
(—)-state, A= W,,. The use of only three quartic centrifu-
gal distortion constants is warranted because Anti II is
almost a symmetrical rotor. No significant values for p-
or L-type coupling terms could be determined. Attempts
to include sextic centrifugal distortion constants yielded
no improvement. Our model yields a good fit to the
observed frequencies, as shown in Table 4, as the root-
mean-square deviation of 0.128 MHz is comparable to
the experimental uncertainty of 0.10 MHz.

Inspection of Table 5 reveals that there is a small, but
significant difference between the 4 rotational constants
of the (+)- and (—) states of 0.656 MHz, and insignificant
differences between the B and the C rotational constants
of the two states. A rather large difference is seen for the
A;x Watson'® centrifugal distortion constant of the two
states whereas the A; and 9, centrifugal distortion con-
stants are quite similar for the (+)- and (—)-state.

1,2-Diphosphinoethane is not the first example of a
phosphine exhibiting tunnelling. This effect has also been
observed for gauche-ethylphosphine, where the tunnelling
frequency is about 5 MHz.®

Attempts to determine the dipole moment by Stark
effect measurements failed because the low-J transitions
were so weak that quantitative measurements could not
be made. This was also the case for the three other
rotamers assigned in this work.

Vibrationally excited states. The ground-state spectrum
was accompanied by satellite spectra that could be
ascribed to vibrationally excited states of Anti II. Two
excited states of what is presumed to be successively
excited states of the torsional vibration around the C—-C
bond were assigned; their spectroscopic constants (A4-
reduction I"-representation'®) are found in Table 6.

84 b- and c-type transitions as well as “R-branch pile-
ups were assigned for the first excited state of the C-C
torsion. No doublet splittings owing to tunnelling were
observed for both the b- and the c-type lines of the first
excited C—C torsional state. This behaviour contrasts
that observed for the ground vibrational state, where
small splittings were often observed for the b-type, and
larger splittings (13—17 MHz) were always seen for the
c-type lines (previous paragraph). Any hypothetical split-
ting must be less 0.2 MHz, the resolution in this experi-
ment, if such splittings exist at all. The reason why
tunnelling splittings are absent is perhaps that the double-



Table 6. Spectroscopic constants®? of excited states of the
torsion around the C-C bond of Anti /I of
1,2-diphosphinoethane.

Vibrational state: vr=1¢ vp=29
No. of transitions: 84 39

R.m.s. dev.®/MHz: 0.068 0.074
A,/MHz 20248.080(12) 19817.181(40)
B,/MHz 1411.857 6(12) 1413.784 5(35)
C,/MHz 1374.426 8(12) 1377.627 7(38)
A,/kHz 0.153 82(93) 0.75(12)

A jk/kHz —1.310 1(94) —1.42(55)
Ax/kHz f f

8 ,/kHz 0.005 480 3(91) 0.004 97(10)
8 x/kHz f f

2 A-reduction, I"-representation.’™ ® Uncertainties represent
one standard deviation.° This excited state is not split by
tunnelling; see text. @ This excited state seems to be split by
tunnelling; see text.® Root-mean-square deviation. f Pre-set at
zero in least-squares fit.

minimum symmetry of the wavefunction is lost in the
first excited C—C torsional state.

Relative intensity measurements using selected trans-
itions performed largely as described in Ref. 17 yielded
a frequency of 118(22) cm ™! for this vibration, compared
to 99 cm™! found in the ab initio computations above
(not given in Table 2).

39 b-type transitions and “R-branch pile-ups were
assigned for the second excited state of the torsion. A
fairly constant small splitting of ca. 0.28 MHz was
resolved for the strongest members of the K_; =10 °Q
series. It was not possible to resolve splittings for the
weaker b-type transitions apparently because it is so
small. The average frequencies of the split lines were
used together with transitions for which the splitting
could not be resolved to determine the spectroscopic
constants shown in Table 6.

It is noted that the splitting seen for this excited state
is typically about half of what was observed for the
ground vibrational state. This points to considerable
coupling between torsion and tunnelling. No c¢-type lines
were assigned with certainty, presumably because they
are very weak and split by several MHz, rendering their
assignments not obvious in this dense spectrum. It is
assumed that these lines would have been assigned pro-
vided they had been unsplit, because in such a case they
would have been twice as intense, and their frequencies
would have been very accurately predicted from the b-
type transitions. The reason why the transitions of the
second excited C-C torsional state apparently are split
in the same manner as the ground-state lines are split,
perhaps means that symmetry of the wavefunction is
now the same as it is in the ground vibrational state.

Only the “R-pile-ups were observed for the third excited
state of the C-C torsional vibration, yielding
B+ C=~2796.8 MHz. The changes of the rotational con-
stants upon excitation (Tables 5 and 6) are fairly constant
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for this mode. This is typical for a fairly harmonic
vibration.'8

“R-pile-ups of two further excited states were assigned.
The values of B+ C are ~2778.3 and ~2778.9 MHz,
respectively. The intensities of each of these are roughly
25% of the intensities of the ground-state pile-up, corres-
ponding to a frequency of roughly 220 cm~!. It was not
possible to find b- and c-type lines belonging to these
two excited states. The second lowest vibration is com-
puted (not included in Table 2) to have a frequency of
167 cm ™1, and the third lowest normal mode is calculated
to have a frequency of 197 cm~!. The two approximate
values of B+ C of 2778.3 and 2778.9 MHz, respectively,
found for the pile-ups may belong to the first excited
state of these two normal mode, but it is not possible to
say which B+ C belong to the first excited state of which
normal vibration.

Assignment of Anti I11. Anti I and Anti I1I have approxi-
mately the same energy according to the MP2/6-31G**
results given in Table 3. Anti I has no dipole moment for
symmetry reasons ( Fig. 2 and Table 2), and will therefore
not have a MW spectrum. However, Anti III has only a
c-type spectrum for symmetry reasons. This rotamer is
computed to be 2.2 kJ less stable than Anti IT (Tables 3
and 7). The assignment of the comparatively strong ‘Q
K_;=1«0 series was first made in the 11-17 GHz
spectral region. The ‘Q K_;=2«1, which extends
throughout the whole MW region, was then found with
ease and followed up to J=78. °R-type lines were
searched for next and found after some trials. A total of
54 c-type transitions were assigned and used to determine
the rotational constants shown in Table 8. None of the
c-type lines was split (to within the resolution of ca.
0.2 MHz).

Inversion or rotation of the two phosphino groups
should invert the spatial direction of the ¢c-dipole moment
in this case (Fig.2) and lead to a tunnelling spectrum
similar to the one described above for Anti II. The fact
that no splitting is seen for Anti III perhaps indicates
that the barrier is higher here than in the case of Anti I1.
The fact that both phosphino groups must be involved
in the tunnelling process in Anti III, whereas only one
group can be involved in the case of Anti II, would also
tend to reduce possible splitting.

A search for a- and b-type lines was made, but none

Table 7. Experimental and MP2/6-31G** energy differences?®
relative to the energy of Anti Il

Energy difference/kd mol™’

Experimental®  MP2/6-31G**

EGauche v—Eanti 1 3.4(5) 4.0
Epnti 1= Eanti n 3.5(5) 22
EGauche v—Eanti 4.7(6) 4.3

2 Taken from Table 3. ® Uncertainties represent one standard
deviation.
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Table 8. Spectroscopic constants®® of the ground state of
Anti lll of 1,2-diphosphinoethane.

No. of transitions: 54

R.m.s. dev.°/MHz: 0.074

Ay/MHz 20778.234(29)
By/MHz 1427.185 4(39)
Co/MHz 1385.593 0(39)
Ay/kHz 0.171 3(54)

A x/kHz —1.400(31)
Ax/kHz d

8,/kHz 0.006 908(16)
S /kHz d

2b Comments as for Table 6.4 Comments as for ®fin Table 6.

of them was found, presumably because these two dipole
moment components are zero for symmetry reasons in
accord with the symmetry of Anti III. The fact that only
c-type spectra have been observed is one indication that
Anti III has indeed been assigned, and that this rotamer
has not been confused with a vibrationally excited state
of Anti II, because these two conformers are predicted
to have rather similar rotational constants, but quite
different dipole moment components ( Table 2).

The first excited state of the C-C torsion whose
calculated frequency is 95cm™! (not given in Table 2),
was searched for, but not identified; the reason is believed
to be weakness and high spectral density.

Assignment of Gauche V. This rotamer is computed to
be 4.0 kJ mol ! (Tables 3 and 7) less stable than Anti Il
and the most stable gauche conformer. It is predicted to
have only a b-axis dipole moment component that is
different from zero for symmetry reasons (Fig. 1 and
Table 1). Searches for the ?Q-lines predicted to be the
strongest ones for this rotamer were successful after
many trials. The R-branch transitions were found next
after many trial lines had been tested in least-squares
fits. The spectroscopic constants obtained from 46 b-type
transitions with a maximum value of J=35 (for the
3543143553, transition) are given in Table9.
Vibrationally excited states, especially the first excited

C—C torsional state (calculated frequency 93 cm™?; not

Table 9. Spectroscopic constants®? of the ground state of
Gauche V of 1,2-diphosphinoethane.

included in Table 1) were searched for, but not found,
presumably because they are weak.

No a- or c-type lines were found as expected although
their hypothetical frequencies could be very accurately
predicted from the constants listed in Table 9. This is
one indication that Gauche V has indeed been identified.
Other evidence that Gauche V has been correctly assigned
and not confused with any one of the other five gauche
conformations such as, e.g. Gauche III and Gauche VI
(both of which are also predicted to have only a b-dipole
moment component that is different from zero for sym-
metry reasons), is the fact that the rotational constants
computed for Gauche V are much closer to the experi-
mental rotational constants in Table 9, than the rota-
tional constants calculated for Gauche I1I and Gauche VI,
respectively, as seen in Table 1. In addition, the two last-
mentioned forms are computed to have somewhat higher
energies than that of Gauche V (Table 3).

Assignment of Gauche IV. This rotamer is calculated to
have an energy close to that of Gauche V (Table 3). This
conformer was searched for next. 122 transitions of the
b- and c- variety were ultimately assigned for Gauche IV,
whose spectroscopic constants are reported in Table 10.
No a-type lines were identified with certainty, presumably
because they are too weak to be identified in this dense
spectrum. This is in accord with the prediction of Table 1
that p, is the smallest dipole moment component of this
conformer. The maximum value of J was 63 for the
633,56 <63 56 transition. The normal Watson quartic and
one sextic'® centrifugal distortion constant, @, had to
be used (Table 10) in order to get a satisfactory least-
squares fit.

The orientation of the phosphino groups of Gauche IV
is similar to those of Anti II (one having the lone pair of
phosphorus anti to the C—C bond, and one gauche,
respectively; Figs. 1 and 2) where tunnelling was a
predominant spectral feature. However, no tunnelling
was observed for Gauche IV. 1t is possible that the reason
for this is a higher barrier to tunnelling in this case than
in the case of Anti II.

It can be seen in Table 1 that Gauche I and Gauche II

Table 10. Spectroscopic constants®? of the ground state of
Gauche 1V of 1,2-diphosphinoethane.

No. of transitions: 46

R.m.s. dev.°/MHz: 0.074
Ao/MHz 9244.292(19)
By/MHz 1904.980 3(88)
Co/MHz 1709.118 2(86)
A, /kHz 0.763(49)

A yx/kHz —8.743(57)
Ay/kHz 60.7(22)

3 /kHz 0.206 72(71)
dx/kHz 2.31(11)

No. of transitions:
R.m.s. dev./MHz:

122
0.074

Ao/MHz 8596.864 3(41)
Bo/MHz 2071.659 3(16)
Co/MHz 1802.283 8(16)
Ay/kHz 1.440 3(21)
AulkHz —11.834(10)
Ag/kHz 46.06(19)
d,/kHz 0.355 18(19)
dy/kHz 3.5625(19)

ab Comments as for Table 6. °Comments as for €in Table 6.
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also have substantial components of the dipole moment
along the b- and c-axis just as Gauche IV. Yet, the
rotational constants predicted for the two first-mentioned
conformations ( Table 1) are in considerably worse agree-
ment with those in Table 10 than the ‘theoretical’ rota-
tional constants calculated for Gauche IV in Table 1. The
relative intensities of the b- and c-type lines assigned in
this case agree well with those calculated from the dipole
moment components predicted for Gauche IV in the
same table. Moreover, the MP2/6-31G** predictions in
Table 3 that the energies of Gauche I and Gauche II are
somewhat higher that those of Gauche IV are additional
evidence that Gauche IV has indeed been assigned and
not confused with any other gauche rotamer.

No vibrationally excited states were assigned, although
they were searched for. This failure is again ascribed to
spectral weakness.

MW search for further conformations. The above assign-
ments include all the strongest transitions seen in the
MW spectrum as well as many weak lines and transitions
of intermediate intensity. However, several hundred
unassigned, mostly weak lines remain unaccounted for
in the 11-38 GHz spectral region. A large number of
these transitions undoubtedly belong to unassigned vibra-
tionally excited states of the four rotamers whose assign-
ments are described above. Unidentified impurities may
also be a possibility.

Numerous unsuccessful attempts were made to assign
these unidentified transitions to each of the four gauche
forms that had not been assigned. The starting points in
these searches were the rotational constants and dipole
moment components given in Table 1. The fact that each
of these conformations is predicted to possess sizable
dipole moments as well as the observation that no strong
unassigned lines remain, is evidence that additional unas-
signed gauche forms must have relatively high energies
compared to the energy of Anti II. Our estimate is then
that the energy difference between any one of the four
unassigned gauche rotamers and the most stable con-
former assigned here, Anti II, must be larger than
3kJ mol !. This estimate is considered to be
conservative.

Energy differences. The energy differences between the
four conformers assigned in this investigation were made
by relative intensity measurements observing the precau-
tions of Ref. 17. The MP2/6-31G** dipole moment
components in Tables 1 and 2 were used, because experi-
mental dipole moments are not available.

It was found that Anti II is the most stable one of the
assigned conformers. Whether it is more stable than the
completely unpolar Anti IV rotamer, which is predicted
in the MP2/6-31G** computations to be the most stable
form of the molecule, is impossible to say. Anti II is
found to be 3.4(5) kJ mol ! more stable than Gauche V,
3.5(5)kJ mol™! more stable than Anti III, and
4.7(6) kJ mol ™! more stable than Gauche IV. The liberal
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uncertainties given here represent one standard deviation.
They have been estimated by taking the experimental as
well as the uncertainties of the calculated dipole moments
into account.

The present findings are compared with the theoretical
predictions in Table 7. The agreement is very satisfactory.

Structure. It is seen from Tables 5 and 8-10 that the
experimental rotational constants of all four assigned
rotamers are close to those calculated from the
MP2/6-31G** structure in Tables 1 and 2. In fact, the
agreement is better than about 1.5% for all three rota-
tional constants in all four cases. This is as good an
agreement as one can expect because the ab initio struc-
ture is an approximation of the equilibrium structure,
while the rotational constants in Tables 5 and 8-10
reflect the ry-structures. Moreover, the structural para-
meters for these four conformers are all very similar to
their experimental counterparts in the closely related
molecule ethylphosphine,®® as remarked above. No
experimental data are at hand that could really improve
the MP2/6-31G** (frozen core) structures. The struc-
tures shown in Tables 1 and 2 are therefore adopted as
plausible structures for Gauche 1V, Gauche V, Anti II and
Anti IT1. It is expected that any full experimental structure
that might be determined in the future for these four
rotamers will be close to the ones shown in these two
tables.

Conclusions

This study has demonstrated that 1,2-diphosphinoethane
consists of a complex equilibrium mixture of at least
four rotameric forms in the gas phase. Both P-C-C-P
anti and gauche forms contribute to the equilibrium and
the energy differences between them are not great.

The conformational properties of H,PCH,CH,PH,
are strikingly different from those of its amino analogue,
H,NCH,CH,NH,. The latter compound has two
N—C—-C-N gauche conformations each stabilized by weak
internal H bonds as its most stable conformers'® while
the corresponding two P-C—C-P gauche rotamers are
definitely high-energy forms of 1,2-diphosphinoethane, if
they are stable at all.

There are probably several reasons why these two
congeners exhibit varied conformational properties. One
important factor is that nitrogen is considerably more
electronegative than phosphorus. The so-called gauche
effect'® predicts that the tendency to prefer a X-C-C-X
gauche atomic arrangement increases with the electro-
negativity of the substituent X. The finding that the
heavy-atom gauche forms of 1,2-diaminoethane are rela-
tively more stable than the gauche forms of
1,2-diphosphinoethane is in agreement with this effect.

Moreover, conditions for forming intramolecular H
bonds are not good, or perhaps completely absent, in
Gauche I and Gauche II of H,PCH,CH,PH,, because
the geometries of the H bonds are unfavourable
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(Table 1), the low electronegativity of phosphorus, and
the low polarity of the P-H bond. The H bonding
situation in the corresponding two conformers of
H,NCH,CH,NH, are much more favourable.!3

The existence of repulsive forces between the two
amino groups in H,NCH,CH,NH, and between the
phosphino groups in H,PCH,CH,PH, are quite probable
in some of the heavy-atom gauche forms of the two
compounds. These forces are offset by internal H bonding
and the gauche effect in the former molecule, but likely
to predominate slightly in the latter. The conformational
properties of 1,2-diphoshpinoethane thus resembles more
its isoelectronic congeners HSCH,CH,SH?® and
CICH2CH2Cl,* which both prefer anti conformer(s),3¢*
than its homologue H,NCH,CH,NH,.
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