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Abstract — The semiempiricaMNDO-PM3 method in supramolecular approximation was used to study the
structure of K-a-haloethylimino)chlorag-phenylenedioxy)phosphoranes' RRZX-N-P(CI)O,CH,(R3-m),,

where R =H, Cl, F, R =R3=H, Cl, and X = F, Cl, Br, and of their 1:2 solvates with chloroform, as well

as alternative mechanisms of the P@¥)V) holotropic rearrangement. It was found that the activation barrier
of the sigmatropic rearrangement increases in the order Br < ClI < F, in parallel with increasing thermody-
namic stability of a more stable phosphorane isomer with an-segaiatorial arrangement of the dioxaphos-
phole ring. It was shown that the most favorable pathway of the phospluameon halotropic rearrangement

of a phosphoru$N-a-haloethylimine, both nonsolvated and solvated with two molecules of chloroform, is the
sigmatropic transformation.

Previously we considered the P(HB(IV) coordi- ethylimino)chlorop-phenylenedioxy)phosphoranes
national isomerism of &P-chloroylide [1] and the RICCREX-N=P(CI)O,CcH,(R>-m),, where R = H,
P(V)-P(VI) isomerism of amidinium halophosphora- Cl, F, R =R3=H, Cl, and X= F, Cl, Br, and of their
tes [2]. A missing link in the general picture of halo- 1:2 solvates, as well as of altenative mechanisms of
tropic interconversions of the main classes of highthe P,C-halotropic transformation in the PNC triad,
coordination organophosphorus compounds theraccompanied by the P(IVP(V) coordinational iso-
remained a P(I\YP(V) halotropism which was recent- merization. The calculation results were compared
ly experimentally observed in the phosphazochlorowith the experimental®Cl NQR data [5]. Calculations
ethanechlorophosphorane system [3]. with full geometry optimization were performed for

structures MnHCCI;, wheren = 0, 2 , and M is

Here we present the results of quantum-chemicdP-chloroimine la-Vla, intermediatelb-VIb, halo-
calculations by the MNDGPM3 method [4] in supra- phosphoranéd—VId, or transition statéc—Vic of the
molecular approximation of the structure &f-(c-halo-  sigmatropic 1,3-halogen shift according to scheme (1):
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Rl=R?=Cl, R = H, X = F (la-Id), Cl (lla-lid), Br (Illa-lild ); R* = R = R® = CI, X = Cl (IVa-Ivd); R = R? =
R®=H, X = Cl (Va-vd); Rt = F, R = CI, R® = H, X = CI (Vla-Vlid).
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Table 1. Main energetic and geometric parametersPethloroiminesla-Vla, intermediates (IM)Ib-VIb, halophos-
phoranedd-VId, and transition states (T$3-VIc of the sigmatropic mechanism of the 1,3-halogen shift, calculated by
the MNDO-PM3 method

Structure ﬁ?fﬁ?& I, A I, A l3, A I, A o, deg % deg |viy, cnmt
la _674.5 1.594 1.426 - 1.361 112.8 55.6 -
IM b -349.3 1.707 1.286 7.213 8.909 16.2 1.9 -
TS Ic -501.8 1.684 1.352 1.903 1.790 87.0 14.8 776
Id _702.5 1.751 1.272 1.512 - 119.1 35.9 -
lla _507.8 1.594 1.414 - 1.809 114.9 64.2 -
IM 1lb _272.8 1.701 1.291 7.420 8.728 17.9 4.9 -
TS lic _442.8 1.669 1.343 2.416 2.199 69.3 22.9 365
Id _557.6 1.746 1.277 2.131 - 92.% 22.0 -
llla _475.2 1.603 1.393 - 1.977 112.9 68.6 -
IM 1lib _256.5 1.699 1.289 7.358 9.040 15.9 7.1 -
TS lllc _432.3 1.652 1.349 2.679 2.276 63.8 22.8 262
ld _517.6 1.725 1.285 2.340 - 88.1° 25.1 -
IVa _555.7 1.595 1.416 - 1.809 114.4 57.6 -
IM IVb ~263.9 1.698 1.292 8.590 9.829 15.8 3.4 -
TS IVc ~489.0 1.667 1.344 2.412 2.200 69.4 22.4 366
IvVd ~606.0 1.743 1.278 2.129 - 92.¢ 22.7 -
Va _455.6 1.587 1.433 - 1.847 109.7 91.6 -
IM Vb _249.2 1.698 1.295 7.417 8.437 18.2 4.8 -
TS Vc ~418.9 1.653 1.362 2.473 2.154 67.0 28.7 320
vd _529.2 1.729 1.289 2.153 - 94.6 22.4 -
Via ~1093.9 1.600 1.408 - 1.798 115.3 63.0 -
IM VIb -835.4 1.708 1.284 7.421 8.948 16.8 1.0 -
TS Vic ~1013.8 1.677 1.332 2.409 2.205 69.5 22.9 394
Vid ~1131.6 1.749 1.272 2.135 - 91.¢ 22.9 -

a Dihedral angle XPIN2C3. P Bond angle ¥C3N2. € Bond angle ¥PINZ.

The calculation results are presented in Tables. 1 and a known equation [6]) and3aCl* bond length
The mutual location of the substrate and chloroforn{1.766-1.847 A) favor the subsequent 1,3 shift of the
a-chlorine atom. The phosphorus tetrahedron is slight-
scheme (2) as graphic representations of optimizely distorted (the CIPN and OPN angles in isoméa
Z matrices. The corresponding geometric parameteese 114 and 120 respectively) due to the decreased
OPO angle (96.%-97.7) in the five-membered hetero-
cycle, while the trigonal geometry of the nitrogen
atom is distorted due to the opening of the PNC angle

molecules for solvates MHCCL are given in

are given in Table 1.

According to the calculationg-chloroiminesla—
Vla and their phosphorane isomdds-VId are ther-

to 125.9133.9. Along with the P=N bond length

modynamically stable compounds, the latter beingTable 1), the latter two values do not go beyond the
more stable. The consecutive substitution of fluoringanges 154164 A and 126137 corresponding to
experimental values of the P=N bond and the PNC

by chlorine and bromine in the seriéls, llla and
results in a considerable shortening ofangle in phosphorus imines [7, 8].
£N? and P-N?

Id, 1id, llid
the neighboring bonds
isomers (Table 1). The PNCC entity in iminks-Vla
has atransoid structure with the phosphorusxygen

in both

For chlorotropic isometid, the calculations give

three phosphorane structures [scheme (3)] with close
bonds of the dioxaphosphole ring eclipsing the di-energies of formation, kJ/mobauche(-536.1), anti
chloromethylene group, which is confirmed by the(-554.5), andsyn (-557.6). Hence, all the three struc-
close®*Cl NQR frequencies of the latter at 37.399 anctures are thermodynamically more stable than imine
37.306 MHz [5]. The increased ionicity (0.17 units,lla (Table 1). The least stabgaucheisomer has two

as evaluated from the average frequency 37.35 MHaxial P-Cl bonds (2.124) and the G-CI° bond in the
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Table 2. Atomic chargesdj, €), atomic coefficientscﬁj), and energiess(, eV)? of frontier orbitals ofP-chloroiminesla—
Vla, intermediates (IM)Ib—VIb, halophosphoranekl-VId, and transition states (TS-Vic of the sigmatropic me-
chanism of the 1,3-halogen shift, calculated by t&DO-PM3 method

Atom, Cij Cij Cij Cij
para- O q q q
meter HOMO | LUMO HOMO | LUMO HOMO | LUMO HOMO | LUMO
la IM b TS Ic Id
pl 191 0.04 | -054 1.92( 0.09 | -0.54 2.00; 0.00 0.49 2.07] -0.02 | -0.58
c 0.24] -0.02 0.12 0.05] -0.01 0.11 0.27] -0.01 -0.32 0.04; 0.01 0.13
F -0.14] 0.00 [ -0.02 || -0.36/ 0.08 0.01 | -0.46] 0.03 0.27 || -0.32| 0.01 | -0.14
€ -9.77 -2.06 -7.13 -3.72 -9.56 -2.19 -9.30 | -1.99
lla IM llIb TS llc Iid
pl 1.90f 0.05 0.54 1.95| 0.03 | -0.55 2.02| 0.00 0.48 2.01] 0.00 | -0.57
c 0.11] -0.03 | -0.12 0.06/ 0.00 0.10 0.24] -0.01 | -0.35 0.04| -0.01 | 0.09
cl4 -0.06f 0.00 [ -0.01 | -0.80] -0.39 | -0.02 | -0.58 0.04 0.29 || -0.52| -0.03 | 0.00
€ -9.76 -2.11 -7.09 -4.22 -9.70 -2.50 -9.46 | -2.49
(-9.88)| (-2.28) (-8.15)| (~4.49) (-9.91)| (-2.72) (-9.66) | (-2.79)
lla IM lllb TS llic lld
pl 1.90[ -0.04 0.54 1.95 0.03 | -0.55 1.96f 0.03 | -0.50 1.97f 0.00 | -0.56
c 0.13] 0.02 0.13 0.06/ 0.00 0.11 0.22] -0.05 0.30 0.02| 0.03 | 0.09
Br4 -0.20] -0.02 0.01 | -0.85] 0.61 0.03 | -0.62 -0.27 | -0.23 || -0.66/ -0.01 | -0.28
€ -9.83 -2.23 -7.15 -4.26 -9.50 -2.47 -9.65 | -2.57
(-9.97)| (-2.44) (-8.26)| (~4.52) (-9.88)| (-2.72) (-9.85) | (-2.84)
IVa IM Vb TS IVc Ivd
pl 1.89( 0.02 | -0.54 1.95| -0.01 | -0.55 2.02| 0.00 | -0.48 2.01] 0.00 | -0.57
c 0.10] -0.01 0.12 0.06/ 0.00 0.10 0.24) -0.01 0.34 0.04; 0.01 | 0.09
cl4 -0.06f 0.00 [ -0.01 || -0.88] -0.89 0.01 | -057] 0.02 | -0.29 || -0.51] 0.02 | 0.00
€ -9.47 -2.26 -7.09 -4.44 -9.37 -2.65 -9.21 | -2.65
Va IM Vb TS Vc vd
pl 1.85| -0.06 | -0.52 1.91f 0.02 | -0.54 1.98/ 0.01 | -0.53 1.97 -0.01 | -0.56
c 0.15] 0.04 0.10 0.20] 0.00 0.10 0.33] 0.00 0.23 0.13] 0.00 | 0.06
cl4 -0.18f 0.03 | -0.02 || -0.81 -0.37 | -0.01 || -0.60f -0.03 | -0.21 | -0.56] -0.03 | 0.01
€ -9.55 -1.76 -7.02 -3.93 -9.51 -1.85 -9.24 | -2.14
Via IM Vib TS Vic Vid
pl 1.90f -0.04 | -0.54 1.96| 0.04 | -0.55 2.03f 0.00 | -0.48 2.01] 0.01 | 0.57
c 0.35] 0.02 0.13 0.00] -0.01 0.10 0.18] -0.01 0.35 || -0.01f -0.01 | -0.09
cl4 -0.04 0.01 | -001 | -0.79Q -047 | -0.03 || -0.57f 0.04 | -0.29 | -0.52| -0.03 | 0.00
€ -9.88 -2.26 -7.18 -4.45 -9.84 -2.75 -9.59 [ -2.68

@ The energies of frontier orbitals for solvates-BHCCL are given in parentheses.

gaucheposition to them. The stability increases bystructure is in complete agreement with the six signals
18 kJ/mol in going to the permutationahti isomer in in the *°Cl NQR spectrum (77 K) [5] at 25.804 (P-
which the first axial position is still occupied by the CI¥),  30.590  (PCI°), 35.674 (Gz-Cl)
chlorine atomanti to the C-CI° bond, while the 39.933, 40.464, and 41.025 MHz {&-Cl), corres-
second one is occupied by an axidjuatorial oxygen ponding to the axial and equatorial positions of the
atom of the diazaphosphole ring. The change of thehlorine atom of the trigonal phosphorus bipyramid
C3-CI° bond to thesynposition with respect the axial and of the chlorine atoms of the =CCl and GCl
P-CI* bond gives the most stabfgnisomerlld whose groups (cf. the trigonal-bipyramidal environment of
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Table 3. Main energetic and geometric characteristics of solvdathloroimineslla,, llla ,, intermediates (IM)IIb 5,
llb,, halophosphoraneld ,, llid ,, and transition states (TS)b,, llic , of the 1,3-halogen for solvates MHCCL,
calculated by the MNDGPM3 method

M = lla—lid, Illa —lid b
Stucture | iy e DS O R G
li, A | 1y A | I3, A | Iy, A | o, deg | 17, deg ’
n=2

lla, ~693.7 1.596 | 1.410 - 1.811 | 115.¢ 58.0 0.006 2.786 (Cl)
0.006 2.572 (Cl)

IM 1Ib, -557.3 1.698 | 1.290 | 7.575 | 9.306 | 15.2 1.5 0.081 1.735 (Cf)
0.080 1.735 (Cf)

TS lic,® ~639.6 1.658 | 1.345 | 2530 | 2.189 | 67.6 23.7 0.007 2.413 (Cf)
0.007 2.443 (Cf)

lid ~751.2 1.737 | 1.280 | 2.140 - 92.F 22.0 0.006 2.461 (Cf)
0.005 2.494 (CP)

n=2

la , -665.5 1.601 | 1.385 - 1.976 | 115.2 55.8 0.005 2.569 (Cl)
0.008 2.643 (Cl)

IM b, ~492.6 1.697 | 1.291 | 7.652 | 9.378 | 15.0 1.5 0.049 1.850 (BfY)
0.050 1.851 (BfY)

TS liic ,° —635.5 1.645 | 1.344 | 2.875 | 2.273 | 61.3 29.5 0.005 2.600 (Bf)
0.006 2.606 (Bf)

lid , ~712.5 1.719 | 1.287 | 2.352 - 88.5° 25.0 0.005 2.608 (Bf)
0.004 2.554 (CP)

a Dihedral angle XPIN2C3. P The shortest intermolecular contact: the E atom is given in parentheses; and for stibvatdta ,
the contacts relate to chlorine atoms of the trichloromethyl gr6uond angle XCwN2. 9 v, . = 311 and 234 cmt for TS|lic,
and TSllic ,, respectively.® Bond angle XPINZ,

&)
C
PN

IM 1Ib 5, llIb 5 IM lic », llic »

C| C| C|
Cl Cl

C
O Cl C|
synlid anti-lld gauchelld
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the phosphorus atom in 1,3,2diazaphosphetidine Table 4. Dependence of the activation enerdy*( kJ/mol)
[9]). Synisomerlid is characterized by the maximum of the 1,3-halogen shift by sigmatropic pathwaynd the
difference between the axial (2.131) and equatorial heats AH?, kd/mol) of the imine(phosphorané)termedi-
(2.065 A) PCI bond lengths, as well as between theate transformation by dissociatiarecombination pathway
axial (1.746A) and equatorial (1.714\) dioxaphos- b in the imine-phosphorane system on the degree of
phole phosphoru®xygen bond lengths, as well as asolvatationn (for solvates MnHCCL,), calculated by the
considerable decrease of the OPO angle (to °%92.7 MNDO-PM3 method

The deviation from a strictlysyn arrangement of the

P-X? and C-R? bonds in compoundsl-VId is 23— Mechal faig | a-1id llla —Ilid
33. In phosphorane isometd andllld , the bulkier Reaction nism In _ 0’
halogen atoms (Cl and Br, respectively) are expelled ~ In=0[n=2|n=0|n=2

to the less sterically hindered axial position inspite of
the higher electronegativity of fluorine in the first Direct
case. The solvating chloroform molecules reside near C—P
the trichloromethyl group in isometta, llla and the Reverse
PCI(Br) bonds in isomerdld, Illd [see scheme (2) P—C
in which for clarity we showed the PNC triattransit’
halogen atom, and chloroform hydrogen atoms],
thus producing minimial changes in the geometnyion statedc-llic and much weaker decrease with the
(Table 1) and the solvation energy (11 and 19 kJ/mol¥ariation of substituents on the phosphorus and
for the starting iminella and phosphoran#ld, res- carbon atoms in the series of transition stalies
pectively). IVc—Vic (Table 1). The charges on the' And C
atoms become positive, and the charge ch only
Transition statedc-VIc for the 1,3-halogen shift slightly exceeds the charge of the Xtom in halo-
by sigmatropic pathway of the imine<—= phos- phosphorane (for exampleyq(X* is —0.14, -0.06,
phorane isomerization is a four-membered heterocyclend-0.04 e for transition statesc-llic , respectively),
with intermediate PN and N-C bond lengths, prac- which corresponds, on whole, to sigmatropic pathway
tically equalized bonds of the'BI*C? triad, and the a of the isomerization reaction in study. The lowest
anglea equal to 6487° (Table 1). The displacement AH is characteristic of the fluorotropic transformation,
of the halogen atom %in the course of isomerization while the chloro- and bromotropism have highg
of phosphorane&d-VId occurs from the apical posi- (see figure).
tion (equatorial for the fluorine atom) of the weakest
P-HIg? bond, but in the transition state this halogen The effect of substituents on the state of the equilib-
atom still occupies the same position but with anotherium is also clearly pronounced: Electron-acceptor
transoid partner, CI, which is more electronegative substituents on the phosphorus or nitrogen atoms
than the oxygen atom [scheme (1)]. This fact pointstabilize the phosphoranali 49.8 (la, Ild ) and 50.3
to a low activation barrier for the permutational iso-(IVa, 1vVd) kJ/mol] or imine AH 49.8 (la, Ild ) and
merization of the trigonal phosphorus bipyramid in37.7 (Vla, VId) kJ/mol] isomeric forms, respectively,
the phosphoranes under study (cf. [3]), along within complete agreement with the experimental equilib-
above-noted low heat of permutational transformatiomium constantsK, in methylene chloride: \Id]:
for phosphorandld . After the departure of the halo- [VIa] = 16:84, [Ib]:[lla] = 75:25, and [vd]:
gen, the equatorial environment of phosphorus anfVa] = 100:0 [3]. The 1,3-halogen shift is not accom-
the environment of the Tatom undergo pyramidaliza- panied by a noticeable shift of frontier orbitals of the
tion to 2P(C%)~354, accompanied by displacement oftransition state (Table 2). But the highest coefficients
atoms in the bases of the P and ramids, to and on the G and phosphorus atoms and the pyramidaliza-
away from to the transition halogen atonf.Xn the tion of these atoms, which favor the strongest overlap
series of transition statetc-llic, the dependence of C3(P) and X orbitals, ensure completion of sig-
from the principal quantum number of halogen showsnatropic pathwaya of the reversible isomerization
up in a gradual increase of thé(E®).--X* distances to reaction. The dipole moments of transition staltes
2.3-2.7 A as the anglex decreases to 63:8There- VIc span the range-# D, which compares with those
with, the shapes of the transition vectors for transitiorf the starting isomersufla-Vla) 3-6 D, u(ld-Vid)
stateslc—Vic prove similar to each other and corres-2-5 D]. Solvation brings the halogen atonf hose
ponding to a shift of %, parallel to a line connecting tetrahedral environment, along with P and, Gn-
the P and & atoms, while their imaginary fundamen- cludes two chloroform molecules, farther apart from

tal frequencies strongly decrease in the series of trandhe phosphorus atom, and thexPC® angle slightly
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Energy diagrams for the halotropic interconversions of phosphorus inar&8a and phosphorandsl-VId by sigmatropic
mechanisma.

decreases (Table 3), which increases the negatiE*(2) > AH(2) and with account of the effect of

charge on X and stabilizes the frontier orbitals saturation of activation energy with growing solva-
(Table 2). The contribution into the localized unsharedion shell [1]. Therefore, it becomes evident that the
electron pair of X (localization was performed by halotropic imine <> phosphorane interconverion

Perkins-Stewart [10]) of the orbitals of Pand &, ~ may occur in no other way than by sigmatropic me-
located in the plane of the!R*C?® triad, slightly de- chanism pathwaya.

creases. Hence, as the solvation shell is filled, the

composition of this orbital changes, for transition REFERENCES

stateslic, for example, from 85% €] 12% C, and
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