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Abstract: The X-ray analyses of a novel type of the P-caged compounds, 6-ethyl and 6-chloro-6-phosphapentacyclo-
[6.3.1.0%4.0*".0%'%|dodecane 6-oxide 4b, 4c established the same cis-stereochemistry around the phosphorus atom as that of the
previously reported 4a. The results of molecular orbital calculations of 4 and their trans-isomers at semiempirical, ab initio, and DFT
(DGauss) levels were in agreement with the more thermodynamically stable 4 than the non-obseved trans-isomer.

Introduction

Among the large numbers of heterocyclic compounds, a relatively few caged heteropolycycles have been investigated. Although a
few bridged aza- (1), oxa- (2) and phosphacycles (3) have been reported, to the best of our knowledge, only a few caged
heteropolycycles have been known. Among them, aza- (1a) and oxaiceanes (called 3-oxawurtzitane by Swiss group) (2a,b) are
classically notable examples. A more recent example is a caged polynitrosamine (1¢). One of the simplest strategies for construction
of such caged compounds would be the homo-Diels-Alder reaction with bicycle[2.2.1]heptadiene (norbornadiene) (1f) and thus the
first caged phosphocycle, e.g. 4-methyl-4-phophatetracyclo[3.3.02°0¢] 4-oxide 1, was synthesized by analogous cheletropic tactics
(McCormack reaction; Scheme-1, 2) (3a-d, 4). Previously, we have briefly reported, employing McCormack reaction, a facile
synthesis of 6-phosphapentacyclo[6.3.1.02".03'7.0’ "®Jdodecane 6-oxides 4. Structure 4a was unambiguously established by an X-ray
analysis (5) (Scheme-3). We now describe X-ray structures of 4b and 4c as well as the results of computational calculations of 4a-c.
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Scheme 3. Reaction of tricyclo[5.3.1.0*%Jundeca-2,5-diene 2 with dichlorophosphines 3

Results and Discussion

Preparation, reactions, and stereochemistry of 4-methyl-4-phosphatetracyclo[3.3.0%%.0*] 4-oxide 1 and its derivatives have been
intensively investigated by Cremer ef al. in connection with phosphetanes which received extensive review (6). In contrast to the
earlier reports (3a), they obtained a mixture of trans-1 and cis-1. The former was thermodynamically stable (7). Whereas employment
of dibromophenylphosphine with norbornadiene at rt for 2 weeks after hydrolysis gave only trans-
4-pheny1—4-phosphatetracyclo[3.3.02".03‘6] 4-oxide § in 13 % yield. Peculiarly enough no reproducibility was observed.
Stereochemical assignments for trans-1 and cis-1 were based upon NMR lanthanide shift experiments (3d,8), while the structure of §
was later established by an X-ray analysis along with those of the more stable sulfur analogs of 1 (8). Recently, we reported a
comparative study of X-ray structures and molecular orbital calculations of 4a and 5 (9). In the solid state, 5 is much more strained and
asymmetric, whereas 4a is less strained and highly symmetric. The results of molecular orbital calculations were in complete
agreement with the more thermodynamic stability of 4a compared with rrans-6-phenyl-6-phosphapentacyclo-
[6.3.1.0%4.0>".0*"")dodecane 6-oxide (7). Whereas this was not the case for 5 and its isomer cis-4-phenyl-4-phospha-
tetracyclo[3.3.0%%.0>%] 4-oxide.

In contrast with norbornadiene, tricyclo[5.3.1.0*°Jundeca-2,5-diene 2 (10) possessing the same 1,4-pentadiene moiety underwent a
smooth cheletropic reaction with dichlorophosphine 3a to produce 4a in 85 % isolated yield even atrt for 21 h. Analogous reactions of
2 with dichloroethylphosphine 3b and dichloroethoxyphosphine 3c gave the corresponding 6-ethyl-6-oxide 4b and 6-chloro-6-oxide
4c albeit in much lower yields, e.g. in 40 and 19 % isolated yields. X-ray analyses of 4b and d4c established cis stereochemistry (7) of
ethyl and chloro group around phosphorus atom. The ORTEP drawings of 4b and 4c are shown in Figure-1 (11). In the latter case, the
elimination of ethoxide ion rather than chloride ion took place upon hydrolysis of the initial adduct.
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Scheme 4. 4-Phophatetracyclo[3.3.0%%.0°Joctane 4-oxides

In Table 1, the bond lengths and bond angles of 4 are summarized. An inspection of the Table reveals 4a is completely symmetric,
whereas 4b and 4c are slightly but less asymmetric than § in the solid state (8). This asymmetric character is generally attributed to
“forces” in solid state (8). It was noted that 4b and 4c are completely symmetric in solution as confirmed by 'H and '*C NMR studies
(12).

Although both the transition state structure of an initial McCormack reaction and the mechanism of hydrolysis of the initial adducts
are unknown, it is believed that thermodynamically more stable phosphine oxides form predominantly in McCormack reaction

regardless of the stereochemistry of an initial cheletropic adduct because of intervention of subsequent hydrolysis process (3d, 4).
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Figure-1 : ORTEP Drawings of 4b and 4c

Table-1 : Selected bond lengths (A) and bond angles (°) for 4a-c

Atoms 4a 4b 4c Atoms 4a 4b 4c
CI-C2 1515(3) 1517(3) 1.510(6) C4 PSC4&  89.1(1) 87.9809)  89.6(1)
C4-CT  1.5682) 1574(3)  1.572(5) P5 C4 C7T  110.1(1) 109.1(1)  107.0Q2)
C4'-CT" 1568(2) 1.570(3)  1.566(5) g ((:;; 537 15;0‘-&(11) 51‘;05-42(1) 5190;1-3(2)
C2-C3 1.502(3) 1496(3)  1.487(6) C2 C3 C3 59:4(1; 59:08 59:38

C2-C3* 1.502(3) 1.504(3) 1.484(6)
C3-C3’ 1528(3) 1.533(3) 1.521(6)
C4-P5 1.883(2) 1.835(3) 1.827(3)

C3C2Cy¥  6LI(1) 615(1)  61.6(3)
C3IC4CT  1148(1) 11472) 1144(3)
: CY 4 CT  1148(1) 1143(2)  114.003)
g;_;’ss 1{%?9((22)) ‘l'i“lz(é)) ‘2*(‘)155((31)) C4C3C2  1200(1) 11972)  11993)
ks e s Ca C¥ C2  120001) 1198(2)  120203)
S e el oy S C#CIC3  1100(1) 10952) 1102(3)
e e e e C4 C3CY 1101(1) 109.6(2) 1104(3)

: : ' cicacl  119.6(1) 12012 120.13)

CI-C8 1.526(2) 1.531(3) 1.529(5) ’
Co.CT  15910) 1530G) 1.593G) C¥ C2Cl  119.6(1) 119.7(2)  120.1(3)

C6-C7T"  1.531(2) 1.535(3)  1.536(5)
C7-C8 1.530(2) 1.532(3) 1.531(5)
C7’-C8 1.530(2) 1.532(3) 1.533(5)

Table 2. Calculated energies and heats of formation for 4 and non-observed products.*'

4a 4b 4c

Method (Obsrvd) (Not obsrvd) A E®  (Obsrvd) (Not obsrvd) A E® (Obsrvd) (Not obsrvd) A E?
MM3 51.78 5047 -1.31 5807 61.74 3.67 4907 4942 035

AM]1 .11.86 434 752 -52.47 -40.85 11.62 -59.42 -49.11 1031

PMS5 4102 3897 3.05 -75.12 7115 397 -97.19 -9409  3.10

6-31G** | -1070.43336 -1070.42525 5.09 -918.96222 -918.95081 7.10 -1299.80805 -1299.79945 5.40
B88-PW9I |-1075.82677 -1075.82021 4.12 -923.40388 -923.39308 6.78 -1304.37254 -1304.36594 4.14
B88-LYP | -1075.55527 -1075.54817 4.46 -923.16372 -923.15387 5.55 -1304.15186 -1304.15186 3.92
D-VWP -1068.15319 -1068.14526 4.98 -917.07233 -917.06016 7.64 -1297.29828 -1297.29046 491

a) Not obsrvd means trans-isomer of 4 which were not obtained. For calculation methods, see experimental. The units of MM3, AM1,
and PM5, methods are shown in kcal/mol, while ab initio and DFT methods are shown in au.
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b) Energy differences in kcal/mol with respect to the observed product.
In order to help clarify the thermodynamic stability of 4 and the non-observed trans-isomers of 4, molecular orbital calculat~nc ~f

4 at semiempirical, ab initio, and DFT(DGauss) levels were performed. The results are shown Table 2. Geometrical optimiza

4b and 4c also led to an exactly symmetric structure (CI) probably due to the effect of packing on structure was not under
consideration in the present work. The results indicate that 4 is much more thermodynamically stable than the non-observed
trans-isomers of 4, which is in agreement with the experimental results.

Experimental

4b and 4c were prepared exactly in a similar fashion as reported previously (9). Molecular mechanics, semiempirical, and
DFT(DGauss) calculations were performed using a CAChe V7 package (Fujitsu : MM3, AMI, PM5, B88-PW91, B88-LYP and
D-VWP). 4b initio calaculations were carried out using a Spartan ‘04 Windows software package (Wavefunction, Inc.: 6-31G**).
Geometry optimizations were carried out until convergence was attained.
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