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Abstract — Quantum-chemical calculations of various sterecisomers, intermediates, and transition states of
the reaction of 2-methoxybenzo[d][1,3,2]dioxaphosphinin-4-one with chloral, leading to formation of 2-me-
thoxy-3-(trichloromethyl)benzo[ €] [ 1,4,2.°] di oxaphosphepin-2,5-dione, were carried out by the density func-
tiona theory (DFT) method with the PBE functional and Triple z basis, using the Priroda program. The
first step of the reaction is [1+2] cycloaddition of phosphorus to the chlora C=O bond to form an inter-
mediate with a five-coordinate phosphorus atom via a transition state in which the positive and negative
charges are strongly localized on phosphorus and chloral oxygen, respectively. Calculations of the internal
reaction coordinate from all transition states were carried out.

DOI: 10.1134/S1070363206060107

Cyclic phosphorous derivatives of sdicylic acid
(2-RO-benzo[d][1,3,2]dioxaphosphinin-4-ones or
salicyl phosphites) containing a chiral phosphorus
atom are convenient objects for mechanistic research
on reactions with carbonyl compounds, since using
prochiral aldehydes and ketones can result in dia-
stereomer formation and thus provide additional
evidence to explain why one or another reaction
pathway is readlized.

Reactions of salicyl phosphites with halocarbonyl
derivatives (e.g. bromal, chloral, and fluora) are of
special interest, because they can take different path-
ways and lead to formation of compounds with a phos-
phorus-carbon bond under very mild conditions.
Among products obtained from chloral, highly active
insecticides [1] and effective remedies for Alzheymer
disease [2] have been found.

Previously we found that one of the pathways of
the reaction of salicyl phosphites with carbonyl com-
pounds activated by electron-acceptor substituents
(such as chloral, trifluoroacetone, ethyl piruvate, and
hexafluoroacetone) involves extension of the initial
six-membered ring to seven-membered to form 2-RO-
benzo[€][1,3,2]dioxaphosphepin-5-ones  or  2-RO-
benzo[€][ 1,4,2]dioxaphosphepin-5-ones. Basing on
abundant experimental evidence we showed that these
reactions feature a high degree of stereoselectivity
[3-9], i.e. one of the two possible diastereomers is
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formed in preference to the other (>95%). It was
suggested that the first step of these reactions involves
the rate-limiting bimolecular reaction of a nucleophilic
center, the phosphorus atom of phosphite I, with the
C=0 carbon atom as the electrophilic center (this was
confirmed by kinetic experiments [10-14]). The sub-
sequent intramolecular nucleophilic attack of the
alkoxide anion in dipolar ion A formed on the endo-
cyclic carbon atom of the carbonyl group leads to
final reaction product 11. The formation of the inter-
mediate zwitterion or betaine A is usualy postulated.
Therewith, it is also suggested that, depending on the
nature of the exocyclic substituent on phosphorus,
dipolar ion A can aso undergo a variety of other
transformations. One of them is formation of a P'—O-
Cdipolar ion (when the starting carbonyl compound
contains fragments capable of stabilizing the negative
charge on carbon, such betaines are quite stable [10]).

It terms of the ionic mechanism thoroughly sub-
stantiated by a great body of experimental data [10,
11], the reaction with chloral leading to phosphepines
Il can be schematically presented by the following
elementary transformation seguence (Scheme 1).

Mironov et a. [16] have thoroughly described the
synthetic material, as well as the X-ray diffraction
analysis of the reaction products. The reasons for the
high stereoselectivity of the reaction are rather difficult
to revedl, in particular, because of the lack of inform-
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Scheme 1.
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ative experimental data on the reaction kinetics in the
gas phase and in media of various polarity.

It is evident from the aforesaid that elucidation of
the mechanism and explanation of the stereochemical
result of such reactions is an important theoretical
problem which can be solved by means of modern
methods of quantum chemistry.

Previously [17] we studied the structure of all pos-
sible diastereomeric products of the reaction of salicyl
phosphites with chloral by means of semiempirical
MNDO, AM1 and PM3 methods. Some preliminary
results concerning the structures of suggested inter-
mediates considered in the present work were reported
in [18-25].

The aim of the present work was to study the reac-
tion of 2-methoxybenzo[d][1,3,2]dioxaphosphinin-4-
one (la) with chloral (Scheme 1), leading to 1,4,2-di-
oxaphosphepine I1a under mild conditions, by means
of modern quantum-chemical methods. We recently
performed quantum-chemical calculations of the transi-
tion states, reagents, and reaction products by the DFT
method with the PBE functional and Triple z basis
using the Priroda program [26].

The calculations showed that the molecule of sa-
licyl phosphite la in the ground state has the hetero-
cyclic fragment in aflattened distorted boat conforma-
tion (PPO'C®C* and P?O°C*C® dihedral angles are
—24.1° and 7.1°, respectively) with a planar O'C®.
c*C* fragment and the P> and O atoms deviating
from this plane to the same side but by different
distances, or a sofa conformation with a planar five-
atomic O'P?03C*C*C® fragment with the phos-
phorus atom only slightly deviating from this plane.
Figures 1a and 1b show a genera view of the mole-
cule in two projections. Selected geometric parameters
(interatomic distances and bond and torsion angles)
are listed in Table 1. The carbonyl group insignifi-
cantly deviates from a planar O*'C®C*C* fragment
(0*c*c*c® dihedral angle -172.3°). The OCH,
substituent occupies the axial position owing to the
anomeric effect [27], and its methyl group points
away from the benzo fragment.

Fig. 1. Spatial arrangement of the molecule of phosphite
la as viewed from the (@) carbonyl group and (b) benzo
fragment.

@ (b)
cit cit

CI2 ol
6] ci®

Fig. 2. Spatia arrangement of the chloral molecule as
viewed from the (a) trichloromethyl and (b) carbonyl
groups.

The molecular geometry of chloral was also op-
timized. With respect to the C-C bond, the molecule
has a conformation in which one of the chlorine atoms
is_eclipsing the C=0 bond (the CI’C’C'O and
CI3C?C'H dihedral angles are 0° and 180°, respec-
tively). Figures 2a and 2b show a general view of the
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Table 1. Selected interatomic distances (A) and bond and
torsion angles (deg) in phosphite la

Table 2. Selected intratomic distances (A) and bond and
torsion angles in chloral

Bond d Angle ® Angle T Bond d Angle ® Angle T
P-O! | 1721 |PPOlc® | 1225 |PPOCBC® | 241 cl-c? | 1.553 |OCMH 124.4 |octc’clt | 1217
P-0® | 1710 |PPO°C* | 1257 |PPO3C*C® | 7.1 1 102 10202

: cto 1.202 |oc'C 124.2 |octc?cl? |-121.8
chcta| 1410 |O%c*c® | 120.3 |PPOSC*O’ |-174.6
ctc% | 1483 |O%PP0! | 1005 |ofcécSct | 34 CMH | 1113 |HC!C® | 1114 |oc'c’Ci® | 0
C2-0! | 1355 |CCIC | 1214 o;ngcg 217 2 | 1.804 |citc3ct | 1057 |Hclcalt | -58.3
c*o 1.214 |O°C*O 1115 |c®OlPO 29.8
4 o8 | 1351 |OfcActa | 1282 | c6cscans 5g C-CI* | 1804 |CI’C’C! | 1057 |HC!C’CI? | 583
c¥ctol | 227 |C8chcto’ |-1723 c?ci® | 1776 |CIc2Ct | 112.8 |HC!C?CI® | 180.0
chloral molecule in two projections, and Table 2 lists C al C al
its geometric parameters. Calculations with geometry 3 3
optimization, starting from the initial geometry with R R O O
. CCI CCI3
chlorine and oxygen trans to each other, too,
gave an eclipsed conformation with an energy of
—-1531.983601 au (corrected for zero-point energy). 1 2 3 4

The electronic and steric structure of 1,4,2-dioxa-
ph(_)sphepl nes lla and I1f form_ed by the remtlon_of CI3C H H CCI30I 5C CCI 3
salicyl phosphites la and If with chloral we studied
previousy by semiempirical quantum-chemical
methods [17] to show that the preferred conformations 5 6 7 8

are distorted chair and distorted boat (Fig. 3). The
results of our DFT calculations by the program [26]
for these heteroring conformations in diastereomers
with different substituent orientations are presented in
Table 3 and Fig. 3 together with PM3 results. Table 4
lists selected geometric parameters for calculated
structures 1-8 of diastereomers of compound Ila.

The calculations gave two intermediates 111 and
IV with a five-coordinate phosphorus. Their geometry
is shown in Figs. 4 and 5, and their principal geo-
metric parameters are listed in Table 5. Evidently, the
first reaction act involves a symmetry-allowed chele-

tropic process, i.e. [1+2] cycloaddition of phosphorus
having a lone electron pair and vacant d orbitals, by
the C=0 bond. The CCl; and OCH; groups in inter-
mediate 11 are cis to each other, that is they locate
on the same side of the three-membered P?Q’C®
heteroring. The total energy of this intermediate is
2482.607621 au. The six-membered heteroring has a
sofa conformation with a planar pentaatomic O'C®.

C°C"0? fragment and the phosphorus atom noticeably
deviating from it. The methoxy group Iocates in the
axial position of this heteroring, and the C® and O’

Table 3. Total energies E! (corrected for zero-point energy) of enantiomers of benzo[€][1,4,2]dioxaphosphepine I1a,
calculated by the DFT method, in comparison with the results of PM3 semiempirical calculations

Comp. Configuration of izomer tot tot ]
no. and conformation of heteroring BT, au (DFT) BT, au (PM3) AH, keal nol™ (PM3)
1 SR, bauch —2482.633695 -3848.5581 -213.9554
2 RpSc, bauch -2482.629124 -3848.4143 -210.6298
3 RpRc, bauch —2482.634038 -3848.5001 -212.6142
4 S-S, bauch —2482.627172 -3848.4546 -211.5676
5 SR, chair -2482.621545 -3848.2459 -206.7543
6 RpSc, chair —2482.624216 -3848.3412 —-208.9539
7 RpRc, chair —2482.620627 -3848.26292 -207.1467
8 S-S, chair —2482.622456 -3848.3082 —-208.1906
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Fig. 3. Spatia arrangement of the calculated conformations of enantiomers of 2-methoxy-3-(trichloromethyl)benzo[e]-

[1,4,2).%]dioxaphosphepine-2,5-dione (11a).
(@

CG Ol

Fig. 4. Structure of five-coordinate intermediate 111 with the energy —2482.607621 au, as viewed from the (a) C*=0% carbony!

group and (b) P>-00 pond.

atoms are equatorial. That means that the resulting
three-membered P?0O’C8 ring plane is in the equatorial
position. The tree-membered ring has trans orientation

with the respect to the C*=0* bond. In spirophos-
phorane 111, the configuration of the phosphorus atom
is more likely distorted sguare pyramid than trigonal
bipyramid. Hence, the O°P’O’ bond angle between

the substituents that, by the apicophilicity rule, should

be axial, is 133.6° in intermediate 111 and 93.1° in
intermediate 1V. Only a few fove- and six-co-
ordinate phosphorus compounds with three-membered
rings have been described [28, 29]. The most close to
intermediate 11 or IV is structure V with a selena-
phosphirane ring, 3,3-dimethyl-1-phenyl-3,3-bis(tri-
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Table 4. Selected interatomic distances (A) and bond (o) and torsion (t) angles in stereoisomers of phosphepine |la

Parameter 1 2 3 4 5 6 7 8
Bond
p2_o! 1.654 1.655 1.655 1.650 1.641 1.645 1.664 1.652
pP2_c3 1.887 1.892 1.891 1.891 1.871 1.871 1.888 1.890
P2_0? 1.487 1.491 1.492 1.489 1.488 1.492 1.490 1.488
P2_0b 1.623 1.618 1.607 1.617 1.623 1.608 1.614 1.617
olc’ 1.394 1.397 1.397 1.39%4 1.388 1.390 1.395 1.393
cbc’ 1.406 1.405 1.406 1.405 1.409 1.407 1.408 1.408
co-ch 1.493 1.494 1.493 1.494 1.506 1.502 1.485 1.484
coot 1.390 1.402 1.392 1.400 1.403 1.410 1.416 1.416
o3 1.428 1.420 1.427 1.420 1.420 1.424 1.427 1.425
co-08 1.208 1.209 1.208 1.209 1.209 1.208 1.203 1.203
ciclt 1.544 1.548 1.544 1.550 1.554 1.555 1.539 1.540
of_c12 1.456 1.457 1.457 1.456 1.457 1.458 1.456 1.457
Bond angle
olpc3 99.3 100.6 98.3 101.3 104.7 104.2 99.0 97.9
olp20° 111.3 114.4 115.0 111.3 110.7 115.4 114.9 111.1
olp20°8 104.3 100.6 99.9 104.7 106.0 100.5 98.7 102.4
p2c3o? 110.1 115.4 112.0 116.0 112.9 108.1 101.6 103.8
p2ciclt 115.6 115.1 117.3 117.7 117.6 122.1 118.1 119.0
p2olc’ 119.8 114.2 116.7 -70.0 124.8 121.4 127.3 129.6
O2P208 117.8 118.1 1185 118.0 117.2 118.0 118.6 118.1
op2c3 100.6 98.7 106.8 106.8 97.0 106.1 102.9 106.1
o%P2c3 121.0 121.0 115.5 113.1 119.5 111.1 119.2 118.3
c0*c 120.7 1275 121.0 127.1 129.5 129.6 117.2 117.4
clicso? 106.9 112.9 107.0 1125 111.7 111.7 109.3 110.0
o*cco° 118.0 116.1 117.9 116.3 115.1 115.6 122.9 122.3
0°Coch 123.6 122.1 123.8 122.1 120.9 121.4 1285 127.2
o*coch 118.4 121.4 118.3 121.3 123.1 122.0 108.6 110.5
cocée? 122.9 1255 122.6 125.7 129.9 128.6 117.1 119.8
olc’ch 120.7 121.1 119.8 122.1 125.2 1235 119.6 121.3
cl205p2 118.7 117.7 119.3 119.2 117.7 118.0 118.2 119.3
Torsion angle
olp2cio? 41.3 -6.5 35.1 0.3 -62.0 -65.4 -53.2 -56.5
olp2c3clt 162.5 ~140.7 159.4 -137.2 70.4 66.3 -172.7 ~179.1
olp20bci2 -107.4 89.4 113.7 -108.0 -89.2 92.1 94.3 -135.3
p2c3o*ch -86.2 -60.8 -83.4 -64.8 61.6 66.1 90.7 9.1
p2olc’ch -76.6 727 -815 ~70.0 -50.4 -57.3 775 -716
0?P20%¢12 16.5 -35.8 -12.0 155 34.9 342 ~30.4 ~129
osp2ciot 147.8 -109.2 -67.9 109.6 46.6 -171.0 -154.3 48.9
o2P2c304 -80.6 120.5 158.0 ~119.0 173.4 50.5 72.1 ~175.6
c30*cPo° -158.1 ~142.7 -158.3 ~142.5 138.9 131.7 69.9 79.7
c3o*coch 23.3 43.8 23.1 44.0 -51.4 -59.6 -110.6 -103.2
clclorch 1475 74.3 146.8 74.8 ~736 -71.0 -143.7 ~139.6
o°cecéc? -137.6 ~151.7 -137.5 ~152.4 -160.4 ~156.6 ~125.1 -132.0
o*cecéc? 41.0 214 41.0 20.8 30.6 355 55.4 51.0
cocéc’o! 0.8 55 0.3 57 17 32 10.7 9.2
cl2o8pc3 150.1 -168.1 ~144.5 144.1 163.3 ~159.6 -164.3 122.6
RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.6 2006
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Fig. 5. Structure of five-coordinate intermediate 1V with the energy —2481.609111 au, as viewed from the (a) C*=0% carbony!
group and (b) phenylene fragment.

Table 5. Selected interatomic distances (A) and bond and torsion angles (deg) in prereaction complexes and transition
states

Parameter 1l Y, TS TSy Parameter I Y TS, TSy
Bond d Bond d
pP2_ot 1.700 1.658 | 1.639 1.647 (o on 1.414 1.390 1.698 1.686
pP2_03 1.664 1673 | 1568 1.563 o*-ct 1.206 1.208 1.184 1.184
P2_0’ 1.645 1.633 | 2417 2.418 cAtch 1.470 1.478 1.483 1.485
p2_010 1.614 1.627 | 1.599 1.596 co-c8 1.407 1.403 1.405 1.405
p2_c8 1.803 1.817 | 1.874 1.865 ol c8 1.369 1.386 1.401 1.401
o’-c8 1515 1515 | 1.343 1.344 ol0_c12 1.454 1.450 1.467 1.467
c8-c? 1.507 1508 | 1553 1.565 o’-c4 2.016 2.025
Bond angle ® Bond angle ®
olp2o3 97.6 99.6 | 1059 106.0 o3p2c8 98.5 144.6 101.2 107.5
olp20o’ 90.8 127.6 345 34.3 o3cto? 1175 119.1 39.8 39.3
olpce 139.3 100.3 | 109.2 102.6 o*cic 126.3 125.3 1315 130.9
olp2o10 101.1 109.1 | 1055 104.6 cAcoch 121.6 122.0 122.6 123.0
pP2o3ct 127.2 126.4 56.9 35.6 p2o10c12 120.4 119.9 120.1 120.1
P2c8éo’ 58.7 70.4 96.0 96.5 C5cho! 122.7 123.3 122.7 122.7
p2c8c® 1335 130.7 | 117.9 115.7 CbopP? 121.8 123.2 119.3 118.7
P2o’c8 58.7 70.4 96.0 96.5 o’p2c8 51.9 57.8 33.6 335
o’c8c? 116.4 1147 | 1158 117.6 o3P0’ 133.6 93.1 81.8 81.7
03pP2010 105.7 94.4 | 111.7 112.7 oop20’ 117.3 120.4 155.9 155.0
olopc8 110.0 106.2 122.4 121.9
Torsion angle T Torsion angle T
cc8p2ol0 115 |-147.4 55.7 -48.6 P20’c8c? 126.7 | -123.9 1250 |-1235
03pP2C8c? 121.8 895 |-179.4 83.6 0o%P2010c12 | 1452 | -1705 50.3 49.1
olp2o3ct 348 | -36.9 33.9 33.8 o*cAcoct 1710 | -177.0 | -1776 |-177.0
olP?o’ct -27.9 713 |-1289 | -1134 CochoP? 25.7 ~12.3 5.9 5.5
olp2cio’ 1622 |-130.3 55.5 70.1 cbolp2o3 -385 28.0 28.6 29.2
olp2010c!2 439 | -687 | -643 | -655 cbop2o10 69.2 ~70.1 147.1 1485
P2o3cto? 165.3 |-157.0 56.9 | -143.6 cbolP2o’ | 1728 129.5 42.4 415
P203cAch ~16.0 26.9 41.0 40.5 cbolpce ~151.2 178.6 -79.7 -83.4

fluoromethyl)spiro[2H-2,1]benzo-1,2A%-oxaphospho-  in the axial positions) is 155.82(6)°. Our calculated
structure of intermediate 11 or 1V is much more
distorted to sguare pyramid than the structure of
POSe bond angle (the oxygen and selenium atoms are  phosphorane V.

lo[1,2] selenaphosphirane [29]. In this compound, the

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.6 2006
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The other calculated intermediate 1V contains a
six-membered heteroring whose conformation, too, is
sofawith a planar O*C®C®C*0O® pentaatomic fragment.
In this heteroring, the methoxy group occupies the
axial position, and the O’ and C® atoms are equatorial.
The P?0’C® three-membered heteroring is turned so
that its oxygen atom is cis to the exocyclic carbonyl
bond C*=0" This oxygen is roughly coplanar with
the P>-O° bond. The CCl, substituent in the three-
membered ring is trans to the OMe group. That is, the

AMINOVA et al.

CCl; and OMe groups locate on different sides of the

P?O’C® plane. The energy of intermediate 1V is
—-2482.609111 au. Similarly to intermediate |11, the
configuration of the five-coordinate phosphorus atom
in phoshorane IV is much distorted to square pyramid.

Further calculations gave two transition states TS,
and TS,,,. They locate on the pathway of transforma-
tion of intermediates |11 and IV to diastereomeric
reaction products lla. The energies and frequencies
for these transition states are as follows.

Total energy without inclusion 7 . Total energy with inclusion  Frequency,
. ero-point  energy . -1
of zero-point energy of zero-point energy cm
TS —2482.754273 0.165588 —2482.588685 222.0 (i)
TSy —2482.755885 0.165509 —2482.590380 219.7 (i)

Table 5 lists selected geometric parameters of these
transition states.

Figure 6 shows the structure of transition state
TS, |n three projections. In TS, the distance from
the O’ atom which practlcally hangs over the six-
membered heteroring to the C* atom is 1.82 A. At the

same time, the C*=0* bond is noticeably shorter
(1.184 A) than in starting intermediate 111 (1.207 A);
the interatomic distance P-O° (1.568 A) is aso
shorter than in phosphorane I11. Its length is |nter-
mediate between the single P-O and double P?=0?
bond lengths in phosphepine IIa (1 487-1.491 A). In
transition state TS;,;, the O°-C* bond is elongated
(1.698 A). In phosphorane I11, it is equal to 1.414 A.
These data suggest that the O°-C* bond is signifi-
cantly loosened and that the geometry of the C*-O*
group becomes close to that of the acylium cation. At
the same time, the configuration of the phosphorus

(@

atom becomes tetrahedral (bond angles at phosphorus
are 105.9-111.7°). The O’-C® bond (1.343 A) in
transition state TS;, is much shortened compared to
intermediate 111 (1.515 A). Taking account of the
C=0 distance in chloral (1.202 A), we can suggest
that the oxygen atom in TS, is essentially anionoid.

Figure 7 depicts the structure of transmon state
TS,y in two projections. Like with TS&" the O atom
in transition state TS, hangs over C*, and the dis-
tance between them is 2.025 A. Contrary to that, PM3
caculations [17-21] result is an expreesed blcycllc
structure, while in the case in hand the 0*-C* bond
(1.686 A) is ruptured.

Both in TS, and in TS, all atoms of the seven-
membered heteroring and phenylene fragment lie in
one plane, except for O that deviates from this plane
to the side opposite to O’. Note also that TS, and
TS,y have similar structural and energetic parameters,

(b) (©)

Fig. 6. Structure of transition state TS|, as viewed from the (a) carbonyl group, (b) CCl5 group, and (c) phenylene fragment.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.6 2006
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(@

(b)

Fig. 8. Structure obtained by calculation of the internal reaction coordinate from the top of transition state TS, to the starting

reagents (view in two projections).

which makes the fact that one diastereomer is much
preferred over the other impossible to explain.

We calculated the internal reaction coordinate. The
resulting data are shown in Fig. 8. It was found that
the descent from the top of the potentia barrier along
one the directions leads to structures in which the
chlora molecule is detached from salicyl phosphite
Ila. The distance between the carbonyl carbon atom
and the oxygen atom of the detached chloral molecule
is 3.858 A. Caculation of the interna reaction co-
ordinate along the other direction resulted in forma-
tion of a seven-membered heteroring.

We performed quantum-chemical calculations of
the energies of transition states TS, and TS, with
inclusion of solvent (chlora) effects within the frame-
work of the polarized continuum model (PCM) by
means of the GAMESS program [30]. The cacula-
tions resulted in an only slight increase in the energy
gap between the transition states (~1.88 kcal mol™):
The energies of transition states TS, and TSy, in the
solvent are —2476.61368653 and —2476.61674899 au,

respectively. As seen, the inclusion of solvent effects
within PCM does not allow to explain the high stereo-
selectivity of the reaction. Nevertheless, we suggest
that solvent effects play an important role in this
process. In future calculations with inclusion of sol-
vent effects in the framework of the supermolecular
approach are required, focusing on salicyl phosphite-
chlora clusters.
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