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Energies of minima and TS as well as characteristic NMR chemical shifts are reported for theipsatntated
phospho-organic molecules with gPackbone. Within the 14 relevant isomers of 24 the two most stable
structures are 1,2-diphospha-I-propei@nd diphosphirane (cyclo-GHPH), 1, E,.; = 8 kd/mol). The relative
energies in kJ/mol at MP2/6-31G(d,p) are 84 for 1,3-diphospha-2-propene, 54 for 1,2-diphospha-2-propene,
and for the phosphinidenes, they are 63-BMH-CHs) and 102 (P-CH,—PH,). Although the potential
intermediate products (PHCH,—PH, PH-PH—CH,, and cyclo-CH—PH,—P) of diphosphirane rearrange-
ments have the relative energies 182, 157, and 158 kJ/mol, respectively, and other minima were found to
haveE between 287 and 322 kJ/mol. Rupture of endocyclic bondsaafisplays a preference for opening

the P-C bond toward the Ck+PH—PH structure, which is stabilized by allyl conjugation. The lowest energy
pathway for isomerization of has a barrier of 213 kJ/mol and goes via the intermediate cyclg)(BH,)-

(P) toward PH—P=CH,. The calculated energy barriers of €HP=PH, 3, indicate that this isomer should

be kinetically stable as isolated molecule.

Introduction B PH

In P,C+H; molecules, the principles of organic and inorganic / \ //
chemistry are combined. Although many phospho-organic H,C PH HC PH,
compounds can be found in revields;*>the scope of potential 1689 2 8L3)

structures in the fundamental systemgHgP and CHP, are
not completely investigated (neither structural preferences nor HP
kinetic stability). Synthetic attempts are probably hampered by HE HoP,

overestimated relative energies based on ‘bond energies’.

—— H PH
The first CHP, derivative was synthesized by Baudlém H:C P faC F ©
1977 by ionic [21] cyclocondensation of ®Cl, with a 3(0.0) 4 (59.8) 5(157.0)
P,R';K, salt. Similarly, addition of carbenes to diphosphene,
RP=PR, leads to diphosphiranes (abbreviated as DPP in the H,P PH, OPF
following). An alternative synthetic pathway to DPP starts from \ / \@
1,2-diphospha-2-propehand is assumed to have methylene- HC=—pH C—PH, HC PH,
diphosphene intermediates. Recent experiments in which the
diphosphirane ring is opened also revive the question as to 6.(319.3) 7(324.1) 8% (156.1)
whether the ring is the best structure for £ and its .
derivatives. The formation of DPP via a proposed 1,2-diphos- PH or P,
phaallyl intermediaté especially raises the question as to © // ® \ ®
whether the ring is formed under thermodynamic or kinetic C—PH; HC—PH  H,C—PH,
control. Only a few of the possible GR. isomers have been
detected so far.Therefore, a comprehensive investigation of 9 (314.9) 10% (96.0) 11(139.3)
the CH,P, energy hypersurface can provide suggestions for new
products and reactive intermediates. Because3tReNMR E * P Op
chemical shifts of stable isomers can be ab initio calculéted, @/ \@
these data may assist in identification of unexpected species. HC—PH, H,C—PH HC—PH;
Previous theoretical investigations by Pfister-Guillouzo et al. 12 (281.2) 13 (174.2) 14 (289.2)

(abbreviated as PG in the followirfgy:1! considered some _ i o

isomers of the parent G, including biradical singlet&! the Figure 1. Structu_res_and relative energies in kJ/mol of 2Hsomers

CH-P> radical d the iof€ CH.P. and CHP'. Alth h (The asterisk, *, indicates that the formal charges do not reflect the
3P, radical, and the io 3 an HP, . Althoug actual charge distribution f8, 10, and12).

* To whom correspondence should be addressed. E-Mail: minh.nguyen@ {he CH,P; isomers diphosphirianel (in Figure 1), the meth-
chem.kuleuven.ac.be f
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TABLE 1: Total DFT and MP2 Energies?, Zero Point Vibrational Energy, ZPVE, and Relative Energie® of (CH4P,) Minimum

Geometries 1 to 14

structure character DFT2 Ey MP22 Eqo MP2 ZPVE MP2E P MP2 Ereps °
la 1, G —723.201 00 —721.983 18 126.0 8.9 6.8
1b 1, G —723.197 76 —721.979 69 125.4 18.0 15.3
2a 1,C —723.172 88 —721.954 35 116.1 84.6 72.6
2b 1, G —723.170 11 —721.952 52 115.5 89.4 76.8
2c 1,C —723.174 20 —721.955 58 116.4 81.3 69.6
2d 1, G —723.171 45 —721.953 68 115.6 86.3 73.8
2e 3,C —723.11359 —721.885 06 109.7 266.5 248.1
3a 1,C —723.205 47 —721.986 56 128.2 0.0 0.0
3b 1, G —723.200 50 —721.980 52 127.0 15.9 14.5
3c 3,C —723.160 12 —721.934 29 124.7 137.2 133.8
4a 1, G —723.185 20 —721.963 77 120.0 59.8 51.7
4b 3,C —723.126 73 —721.895 57 113.9 238.9 224.7
5a 1, G —723.151 10 —721.926 77 118.0 157.0 146.9
5b 1, G —723.149 08 —721.923 93 116.7 164.4 153.0
5¢ 3,C —723.128 96 —721.89822 113.5 231.9 217.3
6a 1,C —723.09002 —721.860 71 109.4 330.4 311.7
6b 1,C —723.096 10 —721.864 94 110.4 319.3 301.6
6¢c 1, G —723.090 02 —721.860 63 109.1 330.6 311.6
6d 1, G —723.094 81 —721.863 40 110.3 323.3 305.5
6e 3,CG —723.081 08 —721.850 68 107.6 356.7 336.2
6f 3,C —723.076 88 —721.847 69 107.1 364.6 343.6
7a 1, G —723.096 29 —721.862 59 —d 325.5 —d
7b 1, G —723.096 56 —721.863 11 —d 324.1 —d
7c 3,CG —723.081 89 —721.849 54 105.4 359.7 337.0
8 1, G —723.14553 —721.927 11 126.2 156.1 154.2
9a 1, G —723.088 76 —721.866 77 111.9 314.5 298.3
9b 1, G —723.085 53 —721.862 92 110.6 324.6 307.1
9c 3,CG —723.047 57 —721.811 49 107.5 459.6 439.0

10a 1, G —723.171 32 —721.950 01 129.0 96.0 96.9
10b 3,CG —723.167 23 —721.947 11 129.0 103.6 104.5
1la 3,G —723.149 57 —721.93349 122.8 139.3 134.3
11b 3,CG —723.146 96 —721.931 89 122.9 143.5 138.3
12 1,C —723.099 65 —721.879 44 113.9 281.2 267.0
13a 3,G —723.140 27 —721.919 85 117.8 175.1 164.8
13b 3,G —723.140 50 —721.920 19 118.1 174.2 164.2
13c 3,C —723.138 08 —721.918 30 117.0 179.2 168.0
13d 3, G, —723.136 10 —721.916 60 116.1 183.7 171.6
14a 1, G —723.100 35 —721.876 41 118.1 289.2 279.2
14b 3,C —723.088 64 —721.867 13 117.1 313.6 302.6

aTotal energies in Hartree at DFT, UB3LYP/6-31G(d,p)//UB3LYPELG(d,p), and MP2, UMP2/6-31G(d,p)//UMP2/6-31G(d,p). The MP2
geometry parameters are provided in Figuré 2ero point vibrational energy, ZPVE, and relative energies in kJ/&gl., is the relative energy
on the energy hypersurface plus the vibrational energy. Relative energies in Figure 3 are without ZPVE cot@bticacteristics of the electronic
structure (1 for singlet, 3 for triplet) and geometry (point grodpdt UMP2, the energy hypersurface @fshallow. The symmetric structures are
minima at Cl level (see text). At MP2 thiesymmetric singlets are partial optimized structures with relative energies of 67/&atmd 5.2 for7b
with respect to the corresponding MP2 structures optimized without symmetry constrain.

energies 0, 35, 64, and 174 kJ/mbkespectively, the lowest
energy isomer, methyldiphosphang; (1,2-diphospha-1-pro-
pene), was only considered in a study by Scho€llen the
effect of a substituent “R’ on the hydrogen bridging infM™R~
systems. Isomers like 1,2-diphospha-2-propehephospha-
methylphosphinidenell, and 2H-diphosphiranel2, were
ignored in all previous investigations, despite being potentially
important intermediates. In the most recent theoretical work,
PGl investigated the alternative reaction paths frbta 2 with

ab initio SCFCI based on RHF431+G(d) geometries. Here,
we report a comprehensive set of ghlisomers together with
refined transition structures and isomerization barriers at MP2-
(fc)/6-31G(d,p)/IMP2(fc)/6-31G(d,p) level. Furthermore, higher
level geometry optimizations and ab initio calculated NMR
chemical shifts are provided for selected molecules.

Details of Computation

For the purpose of comparison, we have used ab initio

are presented in Figure 2; the corresponding total and relative
energies are listed together with the zero point vibration energies
in Table 1. The additional B3LYP/6-31G(d,p) energies (geom-
etries are supplementary) are listed to see systematic differences
with respect to the MP2 results for GP} and to be compared
with the data for larger molecules (derivatives of the ,2H
isomers)* which cannot be computed at MP2 level with the
available equipment. For the transition structures, TS, depicted
in Figure 6 (including the trajectories of the vibration mode
with negative force constant), the intrinsic reaction coordinates
(IRC) were calculated to determine the two minima that are
connected by the TS. In generXlY denotes a TS connecting
both equilibrium structureX andY (Table 2). For differentia-

tion between the methyl and the hydrogen 1,2-shift between
3aandl0athe capital letters C (H, respectively) is added. The
3P NMR chemical shifts computed with the GIAO method at
B3LYP/6-311G(d) level on the MP2(fc)/6-31G(d,p) geometries
are presented in Table 5. Throughout this paper, bond lengths
are given in Angstrgms, bond angles in degrees, total energies

molecular orbital methods at the same level as in the previousin Hartrees, zero-point vibrational relative energies in kJ/mol,

report on phosphiradgtand triphosphiran& MP2/6-31G(d,p)

and chemical shifts in ppm. Unless otherwise stated, the energies

geometric parameters of the completely optimized structures cited in the text refer to the MP2/6-31G(d,p)//MP2/6-31G(d,p)
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Figure 2. Geometries (bond length in A; angles in degree) ofyBHsomer minima.

calculations. Because one natural orbital (single determinantprecisely, the MP2 calculations fée, 6f, 7c, 9¢, 10¢ 13 and
approach) cannot describe the electronic structure of diradicals13f are only approximations (“pseudo-singlets”) and the betain
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TABLE 2: Relative Energies? of Transition Structures®, TS,
on the (CH4P;) Energy Hypersurface® at MP2/6-31G(d,p)
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Figure 4. Orbital plot of the AOs involved in the frontier orbitals of
P—PH—EH,, type phosphinidenes with pyramidal or plamgsP.

F
.
Owoo
"V
E

!

MO 19 (HOMO-1)

-
e}
P
®

cyclo-(P)(PH,)(CHy), 8

o)
@O/¥

b

MO 18 (HOMO-2)

e
.C
H/

MO 17 (HOMO-3)

\\H
PO
N

H

Figure 5. Orbital plot of the AOs involved in the frontier orbitals of
cyclo-(P)(PH)(CHy).

character of geometriea—d, 7a, 7b, 9a, 9b, 103 and14ais

TS charactet Erel Erel a® Erelg®
la/lb 1,C 266.8 257.9 248.8
1a/5b 1,C 242.8 233.9 78.4
1b/5a 1,C 248.7 230.7 91.7
la/5a 1,C 243.3 234.4 86.3
1b/5b 1,G 252.1 234.1 87.7
la/6d 1,C 385.7 376.8 62.4
1a/8 1,C 2215 212.6 65.4
la/10a 1,C 236.1 227.2 140.1
1b/10a 1,C 219.6 201.6 123.6
la/13c 1¢, C 268.8 259.9 89.6
13c¢/13d 16 C 188.7 9.5 5.0
2a/2c(s) 1,C 268.8 184.2 187.5
2c/2¢(s) 1, G 249.1 167.8 167.8
2c/2c(a) 1,G 350.7 167.8 167.8
2c/2c¢(b) 1, G 329.8 167.8 167.8
2c/12 1,C 289.1 207.8 7.9
2a/13c 1 C, 296.1 211.5 116.9
2b/13c 1¢, C 296.5 207.1 117.3
3a/5b 1,C 303.2 303.2 138.8
3b/5a 1,C 312.1 296.2 155.1
3a/10H 1,C 228.4 228.4 96.0
3a/10C 1,C 270.1 270.1 174.1
4a/5a 1,C 291.1 231.3 134.1
4a/5b 1,G 283.6 223.8 119.2
4a/6b 1, G 431.4 371.6 112.1
4a/8 1,C 241.3 181.5 85.2
5/10 1,C 360.2 203.2 264.2

a Full optimizations with 6-31G(d,p) basis set at with respe@do
(Ew(33d) = —721.98656° Geometries given in Figure 6Energy
profiles displayed in Figures—. 9 Characteristics of the electronic
structure (1 for singlet and 3 for triplet) and molecular point group.
¢Er3 = relative energies with respect to the global miniman
Eei,a = relative energies with respect to the lower energy minimum;
andE: g = relative energies with respect to the higher energy minimum.

TABLE 3: Total CISD and MCSCF Energies?, Electron
Configuration, and Coefficients of the Two Most Important
Configurations? of (CH4P,) Minimum Geometries® 1, 5, 8,
10, 11, and 13

coeff coeff®
MCSCPR Ey: percent percent

conf
structuré pointgroup CISD Eyt

la A, G, —721.97371-721.75525 95 1
3a A, G —721.97531-721.75882 93 4
5a IAC —721.91271-721.69818 93 3
8 A, G —721.91593-721.69925 95 1
10a A, G —721.93958-721.73031 93 2
104 SA" Cs  —721.93958-721.646 03 97 1
11b %A, Cs —721.93641—-721.706 19 97 1
116 1A, C, —721.93641—-721.67699 48 a7
13e 1A, Cs —721.922 40 —721.687 88 49 48
13 %A, Cs —721.92240—-721.68904 96 1
13f 1AL G, —721.92120-721.68692 49 48

aCISD is CISD/6-31G(d,p) reoptimized geometries of the structures
in Figure 2. The MCSCF are single points on these CISD geometries
and wer performed with the software packad®LCAS-4.¢ using
the ANO-S from the MOLCAS basis set library Electronic states
characterized by their symmetry character. Coefficients of the contribut-
ing configurations in percent (largest and second largest of 6 configura-
tions listed).c For some structures the CISD geometry parameters are
included in Figure 2.

overestimated. To check for the multiconfigurational character NMR shielding, and Wiberg bond indé& WBI, and NBO

of selected geometries, single point RASSCF calculations were population analysis were carried out using a local version of
performed on CISD optimized structures. All RASSCF calcula- the GAUSSIAN 987 set of programs.

tions were performed with the software package MOLCAS-

4.0 The ANO basis sets (denoted as ANS in the MOLCAS

Results and Discussion

basis set library) were used. The active space consisted of 6 The first part deals with the geometries and the electronic
electrons in 6 orbitals (unless otherwise stated HOMO-1, structures of the selected GP4 minima 1—14. How these

HOMO, LUMO, and LUMO+1). All calculations, optimization,

minima are connected via TS is discussed in the following part.



842 J. Phys. Chem. A, Vol. 105, No. 5, 2001

TABLE 4: Total MP2/6 —31G(d,p) Energies? Zero Point
Vibrational Energy,? ZPVE, of Optimized Geometries for
Defining Bond Dissociation Energies for CHP, Isomers

structure Eo(MP2)y: ZPVE
CH, —40.364 63 1222
PH, ~342.578 58 66.2
HsC—CHs ~79.543 40 2034
HsC—PH, ~381.763 79 1489
HoP—PH, —683.991 46 97.3
H,C=CH, ~78.317 28 1374
H,C=PH —380.546 37 913
HP=PH —682.797 26 485
He ~0.498 23 0.0
CHz ~39.692 70 80.6
H.P ~341.953 49 37.2
CHy(1) —38.987 20 455
CH, (1) ~38.997 92 458
CH,*(3) ~39.019 31 477
PH(1) ~341.279 33 15.0
PH(1)¢ —341.320 58 14.9
PH"(3) ~341.342 54 14.8

aEnergies of unrestricted MP2 also for the closed shell species.
b ZPVE uMP2/6-31G(d,p)//uMP2/6-31G(d,p) unscaleth approximate
agreement with MP4SDTQ/6-31G(d)//HF/6-31G(d) restftsr ZPVE
in kJ molt: 187.0 for ethane, 134.7 for Me-BH29.3 for ethene,
75.5 for HC=PH 76.1 for CH:, and 34.3 for Phkt. 9A multi
configurational treatment would be more appropriate, but was omitted
to remain consistend with the general level of theory in this article.

The third part demonstrates the astoniskfirgubstituent effects
on thed3!P NMR signals of the alkyl derivatives dfa.
Equilibrium Structures. Most of the CHP, isomers can be
classified into the two groups A and B. Molecules of group A
have classical, closed-shell valencés-4 in Figure 1). The

Dransfeld et al.

(1a), 74.8 Qc), 0.0(3a), and 51.84a) at CISD/6-31G(d,p) with
Ei(38) = —723.975 31, see also Table 3). The relative energies
of the CH,P, at B3LYP are about 1% smaller than at MP2
(Table 1). In the following, the geometries and energies of four
low-energy isomers from PGs studigs' will be compared with

the MP2 results compiled in Table 1 and Figures 2. Thereatfter,
the CISD and RASSCEF results (Table 3) as well as bond energy
considerations (Table 4) are presented. The cis-diphosphirane,
1b, is 9.2 kJ/mol higher in energy thale and its geometry
differs from that of trans-diphosphirane merely in the dihedral
angle of the cis oriented, exocyclic hydrogen bonds (HPP
93.7(trans)1a, 96.3(cis) 1b). The interconversion dfato 1b

by a phosphorus inversion mechanigra/1b has a barrier (258
kJ/mol with respect td.a), which is much larger than that for
PH; or the central phosphorus in GHPH—PH, (at RMP2-
(fc)/6-31G(d)*° 120 kJ, 100 kJ, respectively). The reason for
the increase of the barrier is no doubt due to the narrow
endocyclic bond angle under the constrain of the small ring.
Elongation of the P-C bond opposite to the inversion center,
Pin,, reflects the strain which tends to open up theRR3,—C
angle. The electronic structure of the T&/1b indicates that
phosphorus in a trigonal planar coordination is a weakdonor
than in its pyramidal conformation (the charge of thg, R
group becomes less positive: 0.151a to —0.04 in 1a/lb)

and hasrt donor character toward the GHjroup (charge of
hydrogens attached to C: 0.26, 0.201a/1b).The remarkable,
alternative inversion mechanism via a bond breakingond
making mechanism was first investigated by P®lthough

the predicted barriers of 144 to 161 kJ/mol are in reasonable
agreement with the refined value of 180 kJ/mol (Table 2), some
MNDO transition structures turn out to be either diradical

second group, B, comprises species which can have diradicaloidintermediates or to have more than one imaginary vibration

(or triplet) character like the carbenes; 7, and9), phosphin-
idenes 10, 11, and 14), cyclic betainoid species8(12), and
PH—CH,—PH 13, the product of homolytic PP bond cleavage
of DPP. Isomeb has a special structure which corresponds to
the known heteroanalogue PR—PR™ anion'® and is charac-
terized by the allylic & electron— 3 center bonding as in the
homonuclear allyl anion, .. With few exceptions, the
classification by bonding characteristics corresponds to a
grouping by relative energies (Figure 3). Similar to phosphirane
and its GHsP isomers, the CHP, structures can be divided into
low- and high-energy isomers (with 0 to 100 kJ/mol as low
relative energies). The low-energy isomers incldge4, and
10, whereas the high-energy isomers are structtre8, and
11-14. Although this classification by energy witt0 differing
from 11 by 33 kJ/mol is arbitrary, it points to the remarkable
relative stability of these phosphinidenes.

The low-energy isomers display similar relative energies and

mode (see following section on ring opening for details). At all
reported theoretical levels (MNDO and methods in Table 1),
the diradical mechanism has a lower barrier for ifzeto 1b
interconversion (e.g., 78 kJ/mol lower at our MP2 level).
However, in2 the P-C—P bond angles obtained with MNDO
differ by less than one degree from MP2 optimized geometries
(Figure 2), the P-C double bond is 0.01 up to 0.12 A longer
with MNDO (reported MNDO P-C single bonds irRa—2d
are between 0.002 A longer and 0.13 A shorter than at MP2
level). Nevertheless, the relative MP2 energies of the cis and
trans isomers and of the transition structures for the gidup
rotation are in rough agreement with previously repdtted
MNDO: E((2a with respect to2c) = 1 kJ/mol MNDO, 3.2
kJ/mol at MP2; the largest rotation barrier is 12.2 kJ/mol at
MNDO and 13.6 kJ/mol at MP2. The small barriers of rotation
around the &PH, bond indicate, that detection of distinguish-
able rotamers is not an intrinsic property of the=e®-P

geometries at the different levels of theory employed (e.g., 4.2 framework but probably due to substituent and solvent effects.

TABLE 5: NMR Chemical Shifts of 3P, §31P, Calculatec® Geometries Together with Characteristic Electroni® and Geometric
Parameters of Cyclo-(CR,)(PR'), with R (on Carbon), R’ (on Phosphorus)= H and/or C'H3

R 4 o3P 03P a(Py q (PP Soc PP PC PPC RP RPC
H H —267 —301 0.11 0.27 2435 2.235 1.871 53.3 94.1 96.1
H C'Hs -188 —237 0.33 0.48 254.4 2.222 1.870 53.5 100.3 100.6
C'Hs H -182 —228 0.08 0.28 244.6 2.236 1.885 53.6 94.3 96.7
(C'Hg) H —263 —299 0.11 0.27 —d 2.236 1.885 d d d
C'Hs C'Hs -111 0.34 0.49 261.9 2.224 1.890 54.0 102.5 105.4

2 Although 6%'P was calculated at GIAO/B3LYP/6-311G(d) on B3LYP/6-31G(d), 4¢P (GIAO/MP2/6-31G(d,p)//MP2/6-31G(d,p) calcula-

tions could not be done for (GHC(P—CHs),; For transformation from

shieldings to chemical shifts the theoretical referengevB$i used:

03P(PH,1) = —240; magnetic shielding of'P at GIAO/B3LYP/6-311G(d)//MP2(fc)/6-31G(d,p} 561.1 ppm and at GIAO/MP2/6-31G(d,p)//
MP2/6-31G(d,p) is 643.1 ppmM.The q(P) are Mulliken atomic charge and tHé) are NPA* charges at phosphorus computed at the B3LYP level
of the NMR calculations® Bond angle sumZa, is the sum of the angles#P—C, R—P—P, and R—P—C in degreed In the optimized structure

of cyclo-(C(CH))(PH), the CH; groups are replaced by hydrogen and

only theHCparameters are reoptimized.
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Figure 6. Geometries (bond length in A; angles in degree) ofjBHsomer transition structures, TS (CISD/6-31G(d,p) parameters in parentheses).

Methyldiphosphene3, is the simplest methyl derivative of  this “rule” but also the global minimum structure on the {4
diphosphene but due to the lack of protecting groups, it is too energy hypersurface. The MP2 geometries have slightly longer
reactive to be easily obtained experiment&llizrobably because ~ P—P bond length than in a previous RHF/dz2p stiitiyn
of the “double bond rule?! which declared the orbital overlap  agreement with the previous RHF stuythe methyl group
of post first row elements to be too small to form stableonds, has little effect on the HPP angle because the electronegativity
this molecule was neglected in previous DPP studies. Neverthe-difference between carbon and phosphorus is small (ER{C)
less, methyldiphosphene is not only another example refuting 2.5, EN(P)= 2.1) and contribution of the XP,H)" resonance
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structure is negligible. Although there is only one fBtlisomer
with a P-P double bond3, there are two isomers with a1
double bond:2 (see above) and.

The 1,2-diphospha-2-propent,with a P-P single and two
C—H bonds is 59.8 kJ/mol higher in energy tharmut about
20 kJ/mol more stable tha® which has a P-C single, one
P—H and one C-H bond. Because a-+P single bond can be
expected to have a smaller bond strength than-& Ringle
bond, the stability o4 over2 may be due to delocalization in
the RC framework. A rotation of the phosphino group was
calculated to have an energy barrier of 16.5 kJ/mol viadis

Dransfeld et al.

structurell has no barrier towar@). The formal description
of 8 as a betain is not justified by the electron distribution
obtained from ab initio MO calculations (group charge$.05

P, 0.02 CH, and 0.Q PH,). Nevertheless, the bond orders
indicate a Lewis structure (WBI: 1.02-PH,, 0.926 C-P, and
1.088 for the P-P bond). The contradiction of the two previous
sentences is abrogate by a look at the highest M@gBigure

5). Considering to be held together by a combination of the
orbitals of a CH = PH, cation and a P anion, the four
highest energy MOs can be used to explain the transannular
bonding (sigma aromaticit¥, respectively) of the three-

This is less than 3 kJ/mol higher than the corresponding barrier membered ring. Although the HOMO, the 20th occupied MO,

in 2 and does not appear to explain a 20 kJ/mol stabilization of
4 over2. The P-C double bond length i4 (1.677 A) is about
as long as in the parent HCH, (1.676 A) and shorter than in
the conformers o (1.683 to 1.686 A). Therefore, stabilization
of 4 is likely to be due to stronger-RC & bonding.

The phosphiniden&0 s the fifth low energyCH4P, isomer.
It has not only a remarkable low energy (e.g., 14.7 kJ/mol
relative to2 the precursor of several DPP derivatives) but also

is mainly a phosphorus lone pair,(P), the MO’s 19, 18,
and 17 illustrate how theing bondsare composed. In Figure
5, the CH = PH; bond lies inx direction, they axis orthogonal
to x and in the ring plan, and the axis is orthogonal to the
ring plane. MO 19 is a combination of §p~) with thery bond

of the CH, = PHI fragment. In MO 18, the 3fP~) combines
with the emptynj(CHz = Pl—g) fragment orbital. As in MO
19, the centroid of orbital overlap is inside the ring in MO 17.

has the planar tricoordinate phosphorus known from previous Furthermore, in MO 19 as well as in 17 the,@) fragment

studies of phosphinophosphinided&&omparing the geometric
parameters of the phosphinophosphinidenesiP—EH,, with
EH, = H, CHa, Cl, and F confirms that the substituent Hias
little effect on the P-P bond length in the triplet but shortens
P—P with increasing electronegativity of E (the-P in A of
the singlet PHP—EH, at MP2 is 1.947 (H), 1.946 (CH| 1.918
(C1), and 1.905 (F); at CISD/6-31G(d,p) is 1.951 (H), 1.943
(CHg), 1.916 (CI), and 1.898 for EH= F). This relationship is

in agreement with the MO picture in Figure 4. In the singlet
the p.x AO at phosphinidene P is occupied together with the
P—P x bond (2, (P — P' — m,)?. The strength of the® —

P’ — m, bond depends on the, donor strength of-P. Thex
donor character of the Lp#-P) increases with its p-character.
Enforced planarization af3—P gives rise to a high p-character
andzs donor strengti&?

Another way of increasing the donor strength is based on
the o acceptor effect of chlorine or fluorine toward phosphorus
which reduces the s-character of the &BP) and increases its
p-character. In the tripletOb and the diradicalOc the Lp on
0°%-P and both p AO at phosphinidene P are singly occupied
(. 7, Lp(P)? Figure 4). The diradical has a similar geom-
etry as the triplet. The trend of the relative singlet energies with
respect to the tripleths 1, in the set of HP—EH, molecules
is the same at MP2XsE: 15 (H),—8 (CHg), —20 (C1), and
—38 for EH, = F) and at CISD/6-31G(d,pNsE: 45 (H), 32
(CHg), 30 (C1), and 14 for EKl= F) and is in agreement with
the results of the previous QCISD/6-311G(d,p)//MP2/6-31G-
(d,p) study* (As+E: 28 (H), 5 (Cl), and—20 for EH, = F).
Increasing relative stability of the singlet phosphinidene is
related to the increased electronegativity of the, Bbstituent.

In this context, theS substituent methyl displays a similar

orbital is involved. However, in MO 19 3(P") interacts with

a 7 bond, it merges with thei(CH; = PH;) in MO 17.
Consequently, depopulating MO 18 (e.qg., in the triplet) weakens
the P-PH, bond and leads to ring opening.

Similar to 8 and 11, the triplet of13 has no cyclic pendant
(triplet of 1 has no barrier to ring opening by-f* bond
cleavage). Nevertheless, some of the triplet state minimum
conformationsl3a—13d, have corresponding diradical minima
(13e, 13f,Figure 2). The diradicall3e and its enantiomer
represent the primary products of homolytie P bond cleavage
in 1. In contrast to the MNDO based study by PG in 1994,
the structure with both PH bonds eclipsed7(= 0 degree,
Figure 2) is neither a minimum nor a TS (neither for the singlets
nor the triplet state) at MP2 level. The triplet minirhda and
13bhave no corresponding diradical structures (Diradicals with
structure of tripletl3a or 13b have no barrier towarda, 1b
respectively). The diradical minimuni3g can transform to
la or 1b by “rotation” of the PH group, whereak3f has to
passl3eor its enantiomer to isomerize tb The barriers for
interconversion of the conformers &8 and for isomerization
are discussed in the following section about TS. Because of
the central CH group (providing nar group orbital required
for a delocalizedr bonding as in5), structuresl3a—13d are
not stabilized byr conjugation.

Although the relative energy of acyclic GHPH—PH, 5, is
similar to that of cyclic8, their electronic structure differs
distinctly. The isomerSaand5b have a typical allyl conjugation
with a 4z electron system delocalized over the three atoms
C,P and P(2). Bond length as well as WBI indicate the-P
as well as the PC bond to be between single and double bonds
(as to be expected for allyl conjugation). Despite thePRbond

stabilization on singlet phosphinidene as chlorine. This observa-is only a partial double bond, the allyl conjugation enforces the

tion is consistent with a stud$on the heteroanalogue-+HC—
PH—EH,. carbenes, which shows that a methyl group tends to
reinforce the stabilizing contribution of a phosphino group on
a singlet carbene compared to EH H in the parent

substituents in the Giplane. With three different substituents
on the planaws-P, the two conformerga and5b are minima.
Remarkably, the HP —P angle in5b is even smaller (874
than in the planar cation ##—PH* (89.5). The triplet CH—

phosphinocarbene. Because of the proximity of singlet and triplet PH—PH, 5c, does not gain stabilization from allyl delocalization.

10 is probably the most reactive species of tbe/ energy
isomers.

The two high-energy isomer8 and 11 only differ by one
P—P bond. The acyclid1is 16.8 kJ/mol more stable than the
cyclic isomer,8. Because of the lack of @ donor substituent,
the phosphinidenell only exists as triplet (the singlet of

It has anormaltrigonal pyramidab®-P, and is 75 kJ/mol higher
in energy tharba. In contrast to delocalization B¢, localization
of charges is strongest in the betainoid structlde

Although PH appears as a ring fragment, Pdoes not
(although pentacoordinate phosphorus is known). Isofarsl
14 are acyclic structures with the Bigroup as a moderate a
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electron donor. The group charge of the ‘;PI-group is 0.67

in 14 and 0.33 in9 (Mulliken; 0.72 and 0.73 with NBO,
respectively). Ird, the short HP-C bond length and the negative
atomic charge on carbor-Q0.37 in9a, —0.31 in9b, Mulliken;
—1.07 and—1.06 with NBO, respectively) are indicators for
the PH group acting as;adonor stabilizing the singlet carbene.
The triplet9cis 34.2 kJ/mol higher in energy th&a. Because
14 can be considered as primary adducts o RHH—CP, the
dissociation barrierApissE, of this structure was evaluated. The
ApisE(14 — PH; + H—CP) of 6 kJ/mol characterizest as
kinetically instable. Isomerl2 is about as instable a$4.
Nevertheless12 does not decompose but transforms2tby
ring opening (P-P bond cleavage). The formal description as
a betain, molecular dipole, is not fully justified based on the ab

initio charge distribution. The CH fragment has a group charge

of —0.28 (Mulliken;—0.87 NBO) and the compensating positive
charge is mainly at PH The P-P bond is the weakest of the
endocyclic bonds (WBI= 0.96) and the Pk-CH, is the
strongest (WBE 1.27). Similarly to8, the MO’s can be build
up from a CH and a PH-PH, moiety.

The highest energy isomer considered is the carlderia
contrast to PHC—PHs, 9, PH,—C—PH,, 7, could form an ally!
conjugate electronic structure like PHPH—CHy, 5. However,
only one inherently pyramidai®-P has to be planarized
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BSE2728.2%s probably the most straightforward definition of a
BE (eq 1 and 2, with X= C and Y= P andn =2 andm=1).

XHpi1 = YHu — XH g + YH 1)

XH, = YH,— XH: + YH; )

Unfortunately, no consistent set of BE for all bonds in the
CH4P, isomers is available (bond enthalpiesmly 321 (P-H),
264 (P-C), and 200 for P-P; o-bond strengt¥ 368 (G-C),
255 (P-P); z-bond strengtf 293 (C=C), 201 (G=P), 143 (P=
P); all energies in kJ mol). Therefore, the required BSEs have
been recalculated at the theoretical level of this study, MP2/
6—31G(d,p). The total and zero point vibration energies of the
molecules and “fragments” (required in eq 1 and 2) listed in
Table 4 give BSE in kJ mol: 372 for G-C, 278 for C-P,
199 for P-P, 304 for P-H, and 414 for CG-H, whereas the
ranges are 690854 for C=C, 456-704 for G=P, and 275
608 for P=P (the lower BSE consider the triplet “fragments”).
Because of the ambiguity of the “fragments” (singlet, diradical,
or triplet) these BSE are not well quantified. Nevertheless, for

the estimation ofE,, of the CHP isomers below, the BSE

reaction to the triplet “fragments” are used to calculate the

the phosphorus inversion barrier would have to be overcome &tomization energies, EA, (EA ZBSE; Ereles(i) = EA(1) —

twice to form a 4x electron allyl system if7. An alternative to

EA() with EA(1) = EA(8) = 2191 kJ mot?). Though most

the three center delocalization is formation of one double bond Ereles(i) deviate considerably from the ab initie(i), some

(PHP=C—PH,) similar to that in9. Geometrie§a (Cy) and
7b (Cy) represent a compromise, pyramidality of bofhP is
considerably reduced and the-B bond length shrinks to 1.67
A (compared to 1.86 in Me-PHl This partialzr conjugation is
also reflected by the WBI of 1.58aand 1.547b, characterizing
the P-C bonds as half double bond. Althou@ha and 7b are

minima at CISD/6-31G(d,p), these structures are shallow TS at

MP2/6-31G(d,p). In both conformations, the triplet carbene is

less stable than the singlet (Table 1). This singlet stabilization

is in agreement with previous investigations on,P8H and
PH,—C—CHs; with one ¢3-P & donor. 7a and 7b are also
connected through T&/7b in which rotation of both phosphino
groups occurs, with a barrier height of 44 kJ/mol, relative to
7b. Although the inversion mechanism via a (Pl=C()—
PH,) structure is probably preferred over rotation7nfor 1

isomers show outstanding differences: (a) Bages(i) of 3 is
overestimated by 92 kJ mdt (b) the Eweesfi) of the allyl
conjugate 5 is estimated 121 kJ mo! too high due to
considering one €P and one PP single bond for this isomer;
(b) for the cyclic isomer8 and 12 Eg es(i) are only zero and
110 kJ mot? due to the neglect of ring strain. The two lowest
energy isomers] and3, differ by the following (change from
1to 3): —1 P—H, +1 C—H, —1 C—P, and P-P changes to
P=P. The change of AH bond should be in favor df by 110
kJ mol1. Furthermore, the lack of one-@ bond (BSE= 199)
should makel more stable. The extrar bonding in 4
approximated from the difference of BSE{P) to BSE(P=P,-

triplets) of 76 kJ mot! only partially compensates the 309 kJ

mol~! from the other bond changes. The large discrepancy with
respect to the explicit calculat&gk demonstrates the drawbacks
of the bond energy concept. Interestingly, the relative energies

the inversion is circumvented by an alternative mechanism. This ¢ 5 3nd4 are overestimated by about the same amot0(
shows that there may be more than one way from A to B on 5,4 —40 kJ mott respectively).

the hypersurface of CHP..
The multiconfigurational character of some g isomers

Transition Structures. Searching for transition structures,
TS, on an energy hypersurface, EHS, is guided by the quest

is considered by reoptimizing at CISD/6-31G(d,p) and single fo; gjternative pathways to interesting products and their kinetic
point calculations at MC-SCF level on these geometries (Table stapility. Neglect of solvent effects is reasonable for rearrange-
3). Although most of the selected isomers do not require ments” of neutral molecules and homolytic cleavage. An
MCSCEF treatment, the results fa0 and 13 are noteworthy. jnyestigation of heterolytic diphosphirane, DPP, reactions
The structure of Ck-PH—-P with a planar tricoordinate  incjyding ionic reaction pathways will be the subject of a special
phosphorus,10a is confirmed to be a closed-shell singlet rticle considering “solvent effects on base induced diphos-
minimum. Nevertheless3 the triplet minimgm with pyramidally phirane ring opening”. The following discussion is based on
coordinate phosphorus is 32 kJ mblower in energy. Fot.3, the MP2/6-31G(d,p) structures (Figure 6) and relative energies

the intermediate of direct ring opening dfa, a MCSCF
treatment is obviously appropriate: The coefficients oflthe
state are 48% (locc., & empty), 49% (bempty, & occ), and
3% other configurations). Th#; andA; are also mostly two
configuration cases, while in thkB, state one configuration
has 93% (approximately closed shell).

(Table 2) of the TS which were located on the EHS of,€H
(Figures 7, 8, and 9). Despite DPR,is not the global CkP;
minimum, the ring opening reactions tfare discussed first.
The acyclic structures with €P—P (Figure 7, 8) and PC—P
backbone (Figure 9) can interconvert via cyclic intermediates
or by migration of a CHgroup (e.g., CHlin 4/10aQ. Reactions

With an appropriate set of bond energies, the relative energiesof the cyclicl tautomers8 and12, are included in the second

of isomers can be estimatétiAlthough a plethora of somehow
defined “bond energies”, BE, exist#he bond separation energy,

and third section about rearrangements effc-P and P-C—P
backbone species, respectively. At last, the;@higration in
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Figure 7. Energy diagram of CkP, minimum and transition structures
with C—P—P backbone (first se€ in kJ/mol).
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Figure 8. Energy diagram of CkP, minimum and transition structures
with C—P—P backbone (second s, in kd/mol).

4/10C is compared with the hydrogen shift in the B&LOH
and the homolytic rupture of endocyclic bonds is briefly
discussed.

In contrast to phosphirane, with a hydrogen shift assisted ring

opening having the lowest barrier for breaking an endocyclic
bond, no corresponding TS exists forThis is due to the ability
of the PH group (but not the GHyroup) to participate in an
allyl conjugation. Shifting Hin the X-CHH—P'H ring (with
X = CH; in phosphirane; X= PH in 1) leads to one double
bond in phosphapropene for % CH, because the Horidged
P —C bond does neither open to the instable,P8BH,—CH
nor transforms to the hypothetical cyclic ylid, cyclo-(gtCH)-
(PHy). Even though the cyclic CHP, ylid 12 is a minimum,
the corresponding shift of Hwith X = PH) in 1 does not lead
to this energy rich structuréefs) = 281 kJ/mol). Furthermore,
the P-X endocyclic bond is much less polarized In(X =

Dransfeld et al.
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Figure 9. Energy diagram of CkHP, minimum and transition structures
with P—C—P backboneH in kJ/mol).

PH) than in phosphirane (3 CH,) and, therefore, less easily
broken. Consequently, breaking thelitidged P—C bond while
trying to shift H in 1 from C to P is the preferred process with

a barrier around 230 kJ/mol/5 TSs are pure PC cleavages
Figure 7; combined Hshift and cleavage T&/6 in Figure 8
with barrier of 386 kJ/mol with respect ). Without hydrogen
shifting, the allyl conjugat® can close the ring towartl The
barriers for conrotatory ring openinda/sb, 1b/5aFigure 7)

are similar to those of the disrotatory procé$a/5a, 1b/5b).
Because the conrotatory TS have diradical character, the MP2
barriers are unprecise. The diradical character of the transition
structures in Figure 6 with 1,2 hydrogen shift is negligible.

The lowest barrier for a reaction dfis 212.6 kJ/mol high
and represents the tautomerizatiorilofia 1/8 to 8 (Figure 7).
The (CH)(PH)(PH) ring is only formally an ylide (see previous
section) and is connected to the acyclic structby a barrier
of only 80 kJ/mol. A fourth alternative reaction @&fleads to
the phosphinidend0 and has an intermediate barrier height
(e.g.,1a/10awith respect tdlais 225, which is arupper limit
estimatebecause stabilizing open shell contributions are un-
derestimated at MP2). Ond®is formed, it may Ere 1d3/10aH)
= 228.4 kJ/mol) rearrange @ Despite the intermediat8, of
the lowest energy pathway for openibh@ppears unusual for a
small ring, tetracoordinate phosphorus is normal in larger rings.

Only in the fifth pathway of opening th# ring leads to a
structure with a P C—P backbone; the-PP bond is homolyti-
cally broken and the intermediate diradical or triplet can convert
to 1,3-diphosphapropene by hydrogen migration from C to P.
The rearrangement has a barrier of 296 kJ/mol, which is more
than 60 kJ/mol higher than the TS leading to structures with
C—P—P backbone. In conclusion, openidgoward C-P—P
backbone species has smaller energy barriers than that toward
other products. Nevertheless, these barriers proticéth a
sufficient kinetic stability. Slightly higher barriers (228.4 and
303.2 compared to 212.6 kJ/mol, Table 2) give kinetic stability
to the global minimum3. Although the isomerizations of
C—P—P based structures are discussed in the following, the
qguestion of how the experimentally known molecules with
P—C—P backbone are related 1as addressed in a later section.
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The C-P—P backbone hampers highly symmetric transition tautomer 8 via 8/12 because the barrier @ toward reopening
structures. Although the 1,3-H shift TSs in this section all is only 7.9 kJ/mol. In conclusion, the kinetic stability of the
comprise an asymmetric-lFH—C bridge, the 1,2-H shift TSs  experimentally known derivatives & is probably due to the
are either migrations over a single borg#5), over a localized high barriers of the intramolecular rearrangements. For chiral
st bond (3/10H), or over a delocalizedr system 4/5). The derivatives of2, R'R"'P—CR=PR, mixing of the primed
energies of these 1,2-H shift TSs with respect to their educts substituents via one of th2/2 TSs competes with the ring
(lowest energy minimum connected to the TS) are 300, 230, closure to the corresponding DPP.
and 220 kJ/mol, respectively. This order reflects the support of  The hydrogen shift3a/10a(H) is preferred over the methyl
as system for 1,2 migration. The TS dfare of special interest ~ migration, 3a/10a(C) by about 42 kJ/mol for isomerization
because derivatives of 1,2-diphosphapropene-2 are frequentlybetween the methyldiphospherg&and the phosphinident.
used in the synthesis of DPP derivatives. Therefore, the secondAlthough hydrogen migration can use a bridged TS with
TS of 4, 4a/8 (Figures 6 and 7), which does not only open efficient three-center conjugation, the more electronegative
another path tdl but is also 40 kJ/mol lower thada/s5, is carbon tends to withdraw electrons from thePmoiety. This
noteworthy. In TS4a/8,the G-P(H,) bond is already elongated ~ difference in polarization in3a/10a(H) and 3a/10a(C) is
by 0.3 A (relative t08), and the conrotatory character of this reflected by the PP—X angle (with X = H in 3a/10a(H)

TS becomes clear when looking at the transition trajectory in X = CHs in 3a/10a(C)) which is smaller (106.3 in 3a/10a-
Figure 7. On the way td, 8 passedb/8 (Ee g(1b/8) = 212.8 (H) than in3a/10a(C)with 108.5. Considering the generation
kJ/mol), which is a TS of different character: the'P bond is of a radical CHP intermediate by cleavage by &R versus a
hydrogen bridged and temporarily widened by 0.6 A (with C—H bond provides an interesting result:

respect ta8). Other hydrogen bridged TS afi¢10 (discussed

before) and5/10. In contrast to1a/10 or 1b/10 with the la— HC-PH—-PH+ H* AE = 415 kJ/mol

remaining PH group pyramidal coordinate, the corresponding . _

PH moiety is approximately planar Bi10 (Figure 8). Further- la— H,C—PH-F"+ H" AE = 311 kJ/mol
more, the shifting hydrogen moves in the plane of the heavy . .
atoms in5/10 (H moves through or over the B@lane inla/ As the synthesis ol by carbene ad_dmon to HPPH, _the .
10 and 1b/10, respectively) with about equal distances to the F.)_H and G-H cleayage have no reaction parrler (the dissocia-
bridgehead atoms, C and P. ThePdouble bond of the singlet tion pr(.)duct. hgs highest energy on reaction path). TheiP
phosphinophosphinidert0, is almost formed ir6/10 giving bond dissociation energy ita of 311 kJ/mol is comparable to

: . the corresponding value of 321 kJ/mol for phosphiréhe.
this TS the character of an H exchange between a carbanion Thus, a homolytic PH bond cleavage is about 100 kJ/mol

Lpx and a phosphinidene kgboth Lp, in xz plane; Figure 4). . . . .
An 1,2-H shift TS where the hydrogen is not bridging but only more facile than a €H rupture for diphosphirane. Th".sl.z .
supports the rearrangement, 1. difference seems to be_large enough to rulg out a participation
. of a C—H bond rupture, in a homolytic dissociatieassociation
The P-C—P backbone isomers of GR, could transform rearrangement of diphosphirane.
via high sy_mmetric_TS. N(_evertheless, only theZ’(SZC(a)ha_s 3P NMR Chemical Shifts. The analytic tool of nuclear
a 2-fold axis. Most isomerizations of fC—P backbone species  agnetic resonance, NMR, can often be supported by computed
lead to minima with a small singlet/triplet gap, so that the TS yragictions where experimentally investigated molecules are
also have partl._al open shell character. The symmetric openindsmall or effects of remote substituents are negligible or
of 1 toward13, is obviously a homolytic cleavage of the-P estimated. Table 5 demonstrates tRasubstituent effects on
bond resulting in a diradical structure. The diradical singlet, as phosphorus can be of the same amount asotreibstituent
well as the triplet, of PHCH,—PH form symmetric minima  effects; the chemical shif63!P, of thela derivative with methyl
(anti: H—P—C—P= 180", 13f, 13d, Figure 2), which canrotate  sypstituents on phosphorus188 ppm, is almost the same as
to a less symmetric minimum via T$3c/13d (Figure 6). with methyl on the carbon ring fragment,182 ppm at B3LYP/
Rotating both PH groups out of the anti conformation does not -311G(d)/B3LYP/6-31G(d). Including electron correlation in
lead to a stable singlet but to closure of theFPbond together GIAO/MP2/6-31G(d,p)//RMP2/6-31G(d,p) reduces the(64
with the loss of the open shell electron configuration. Therefore, ppm downfield) as well as thg-substituent effect (73 ppm)
the character of a PH rotation dominates over the ring closure without changing the trengs¢ slightly stronger tham-effect).
in the TS1a/13c A distinctly different character is found for  These coinciding chemical shifts contradict a relatiory#f
the transition ofL3 toward an acyclic producfa/13 (Eei,s = with atomic charges (Table 5), which indicate a partially positive
304.2 kJ/mol; Figure 9). Besides the open shell character of phosphorus with methyl as substituent and a less charged P
the structures involved, this transition process resembles thewith methyl as “remote”-substituent (The Mulliken population
characteristics of an 1,2-H shift overrasystem (substituents  analysis overemphasizes the charge difference). The obvious
on P—C about coplanar, Habove this plane with’P-H" and increase of the bond angle sum in the permethylagedoing
C—H' equally elongated by about 0.2 A). The inaccuracy of along with the largest downfield shift of the NMR chemical
the MP2 treatment foEe(2b/13c)may be estimated by looking  shift relative tolais in agreement with other bond anglshift
at the relative energy of the triplet energy for this structie-( relationship studie® Nevertheless, this relationship cannot
(triplet//singlet,2a/13c)= 90 kJ/mol). Once the ring is opened explain the remarkablg-substituent effect (replacing H by GH
toward 2 with a P-C—P backbone, tautomerization can only on endocyclic C)Acd3P, of 79 ppm downfield. To support
lead to the high energy isoméerfs9, 11, and13and ring closure the argument thahco3'P is not an effect of deformation of the
can transform2 to 12. Although the tautomerizations are local3®'P nucleus valence, the methyl groups in cyclo (C{gH
neglected here due to their high barriers, the ring closing via (PH), were replaced by hydrogens (see footnote d in Table 5).
2c/12to a cyclic tautomer ol with a reaction barrier of 207.8  As a result, the calculate®#’P of this deformed DPP resembles
kJ/mol is considered (Figure 6). Nevertheless, the product of the value ofla. Astonishingly, thea (replacing H by CH on
this ring closure12, is only an temporary structure in a further endocyclic P) and thg substituent effect seem to be additive:
isomerization to the second lowest energy cyclic diphosphirane Aco3'P + Apd3lP = 85 + 79 = 164, which is about equal to



848 J. Phys. Chem. A, Vol. 105, No. 5, 2001 Dransfeld et al.

156= Ac,p(331P. The B3LYP computeéllP shifts of permethy- o (2)hRegité,hM.;_ S.)GO. JM_IyrI1t_ipIe B\;)n(ljs anSd Low ngg%ination in
lated DPP,—111 ppm, is clearly upfield relative to values osphorus Chemisiyyseorg Thieme Verlag: Stuttgart, :

. o . 3) Hartley, F. R.The Chemistry of O hosph C und
derived at thg same level of theory for the S|m|[arly substituted Joh,(1 \)N”(fyr: eﬁew York’elggoe_mls fy o Drganophiosphiortis =ompotings
phosphorus in cyclo-1,2-(Ghb(P—CHs)(PH) with 42 ppm ~ (4) Kolodiazhnyi, O. IPhosphorus YlidesChemistry and Application
(endocyclic CPP angles 77.6) and the acyclic P(GH{C'Hs)- in Organic SynthesjsWiley-VCh, Weinheim, 2000.

O o _ (5) Etemad-Moghadam, G.; Koenig, Mhree-Membered Rings with
(PH) with —29 ppm (CPP angle= 98.1°, CPP= 103.4). Two Heteroatoms including Phosphorus to Bismtbl. 1A of Compre-

Though statistical considerations for only five values are hensie Heterocyclic Chemistry 1A Réew of the Literature 19821995
vague, the obvious difference between the NPA, as well as EIse(VI)er SCIdelnce Ltd., Olzdordk 1996. A )
i i _ 6) Baudler, M.; Saykowski, Z. Nat. Forsch1978 33b,1208-1213.
"'\/Sll#gléen charge, at phosphorus atoms fia could be estab (7) Streubel, R.; Nieger, M.; Niecke, Ehem. Ber1992 126,645~
. 648.
This lack of a charge-shift relation can also be found looking (8) Dransfeld, A.; Schleyer, P. v. Rlagn. Reson. Cheni99§ 36,

at the data for other syster#sComparing experimental results ~ 29-43. _ _
(9) Gouygou, M.; Koenig, M.; Herve’, M.-J.; Gonbeau, D.; Pfister-

- i - -t I =
foglthe three-membered rlng,;yclo (@FP-Bu) with R = H Guillouzo, G.J. Org. Chem1991, 56, 3438-3442.
(03P = —168.8) and CH (6°'P = —91.7 ppm) with the (10) Tachon, C.; Gouygou, M.; Koenig, M.; Herve’, M. J.; Gonbeau,
predicted chemical shifts in Table 5 shows good agreement for D.; Pfister-Goillouzo, GInorg. Chem.1992 31, 2414-2422.
Aco®1P, thef substituent effect in these two similar systeths. (11) Herve', M. J.; Etemad-Moghadam, G.; Gouygou, M., Gonbeau,

D.; Koenig, M.; Pfister-Guillouzo, Glnorg. Chem.1994 33, 596—605.
(12) Busch, T.; Schoeller, W. W.; Niecke, E.; Nieger, M.; Westermann,
Summary H. Inorg. Chem.1989 28, 4334-4340.
. L . (13) (a) Nguyen, M. T.; Landuyt, L.; Vanquickenborne, L.&5Chem.
The energy difference between the C)_’C“C diphosphireng- CH  5oc “Faraday Trans1994 90, 1770. (b) Nguyen, M. T.; Dransfeld, A.;
(PH) 1 (Erel = 8 kd/mol) and the 1,2-diphospha-1-propeBe,  Landuyt, L.; Vanginkenborne, L. G.; Schleyer, P.vRyy. J. Inorg. Chem.
(global minimum) is small compared to the relative energies of 20?84)105- eld. A Niecke. E.- Gudat. D.: N VLT i
: — . ransfeld, A.; Niecke, E.; Gudat, D.; Nguyen, M. T., in preparation.
1,3-diphospha-2-propeng (Erel = 84 kJ/mol), ;I"_Z'dlphOSpha' (15) Andersson, K.; Blomberg, M. R. A.;"Reher, M. P.; Karlstim,
2-propene4 (Erel = 54 kJ/mol), and the phosphinidenesPH— G.; Lindh, R.; Malmqvist, P.-A.; Neogdy, P.; Olsen, J.; Roos, B. O.; Sadlej,
CHjs (10, Ere = 63 kd/mol), and PCH,—PH, 11 (E;e = 102 A. J.; Schitz, M.; Seijo, L.; L. Serrano-Andse Siegbahn, P. E. M.;

_ ; Widmark, P.-O.MOLCAS Version 4Lund University, Sweden, 1997.
kJ/mol). The remarkable feature of Pi€H,—PH, a singlet (16) Wiberg, K. B_Tetrahedron1968 24, 10831096,

minimum (10a) with planar tricoordinate phosphorus, is con-  (17) Frisch, M. J.: Trucks, G. W.; Schiegel, H. B.: Gill, P. M. W.;
firmed by CISD and MCSCF calculations. Although the Johnson, B. G.; Robb, M. A.; Cheeseman, J. R; Keith, T.; Petersson, G.
potential intermediate products (PH{€H,—PH, PH-PH—CH,, A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

_ _ : : V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
and cyclo-CH—PH,—P) of diphosphirane rearrangements have Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;

relative energies (182, 157, and 158 kJ/mol, respectively) wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
slightly higher than the phosphinideridl, other minima of Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
isomers were found to hav@e between 287 and 322 kJ/mol. Si(t)trsdt?unrth'F;JAGcigg?ez' C.; J. A. Popl&AUSSIAN.Gaussian, Inc.,
The C-H dissociation ofla studied by P& turns out to be (18) Wiberg, N.; Waner, A.; Lerner, H.-W.; Karaghiosoff, K. Fenske,
negligible compared to the homolytic cleavage of the-Hbond D.; Baum, G.; Dransfeld, A.; Schleyer, Eur. J. Inorg. Chem199§ 1,
(more than 100 kJ/mol lower dissociation energy). Rupture of 833-841.

; : . (19) Dransfeld, AApplication of ab Initio Methods in the lestigation
endocyclic bonds of DPP display a preference for opening the of Bonding and NMR Chemical Shifts of Compounds Comprising Tri-

P—C bond toward the allylic Ck+-PH—PH (Figure 7). The coordinate Phosphoruh.D. Thesis, Erlangen, 1998.
lowest energy pathway for isomerization of DPP has a barrier ~ (20) Cowley, A. H.Polyhedron1984 3(4), 389-432.
of 213 kJ/mol and goes via the intermediate cyclo-gtPH,)- (21) Gusernikov, L. E.; Nametkin, N. SChem. Re. 1979 79, 529~
(P) toward PH—P=CH,. Another “shortcut” on the energy (22) Nguyen, M. T.; Ha, T.-KChem. Phys. Let.989 158 135-141.
hypersurface of ChP; is provided for the phosphorus inversion (23) Kapp, J.; Schade, C.; El-Nahasa, A. M.; Schleyer, P. Arigew.

(257.9 kJ/mol, umbrella inversion mechanism) by a ring Ch(ezrz)" ’l\lnt- Ed. E'Ggll%g%/ﬁ 35}{2235;%38-1_ K Vanauickenh L e
. . . . . . guyen, M. |.; Van Keer, A.; Ha, |.-K.; Vanquickenborne, L. G.
opening-ring closing mechanism with an approximately 76 kJ/ Theochen(J. Mol. Struct) 1994 130, 125-134.

mol lower barrier. Calculated energy barriers of £#=PH (25) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. Y.Aromaticity and
indicate that this isomer should be kinetically stable as isolated Antiaromaticity-Electronic and Structural Aspegtdohn Wiley: New York,

31 i i ; .
molecule. Thed>'P downfield NMR shift of 85 ppm resulting (26) Benson, S. Wrhermochemical Kineticdohn Wiley: New York,

from methyl groups on carbon in place of hydrogengars a 1976
significantS-substituent effect but can be rationalized by neither ~ (27) Schleyer, P. v. R.; Kost, . Am. Chem. S0d.988 110, 2105~
simple geometric nor charge arguments. Neverthetesand 21(()295';) Bovd. S. L Bovd. R, 1. B e P W Kerd b1 Aucoi
_ : H : : oyaq, o. L.; Boya, R. J.; bessonetlte, F. VW.; Kerdraon, D. I.; Aucoln,
p-substituent effgcts on the NMR signal of derivativeslaf N. T. J. Am. Chem. Sod 995 117, 8816-8822.
seem to be additive. (29) Boyd, S. L.; Boyd, R. JJ. Am. Chem. Sod997, 119, 4214
4219.

Acknow|edgment_ The authors the thank various Flemish (30) Schoeller, W. W. Bonding Properties of Low Coordinated Phos-

: : _ _ phorus Compounds. Multiple Bonds and Low Coordination in Phosphorus
science foundations (FWO-Flanderen, GOA-Program, and Chemistry Georg Thieme Verlag: Stuttgart, 1990,

KULeuven Research Council) for continuous support. (31) Kutzelnigg, W.Angew. Chem., Int. Ed. Engl984 23, 272.
(32) Hahn, J.; Baudler, M.; Kger, C.; Tsay, Y.-HZ. Naturforsch1982
References and Notes 37b,797-805.
(33) Bthl, M.; Schleyer, P. v. Rlnorg. Chem.1991, 30,3107-3111.
(1) Bestmann, J.; Vostrovsky, Qop. Curr. Chem1983 109, 86— (34) Reed, A. E.; Curtis, L. A.; Weinhold, FZhem. Re. 1988 88,

163. 899-926.



