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Abstract: (7-Phenyl-7-phosphadispiro[2.0.2.1]heptane)pentacarbonyltun@tenphospha[3]triangulane, was
synthesized from bicyclopropylidene. Its single-crystal X-ray structure determination is reported. Comparison
of the crystal structure data with those of the related phosphaspiropentameg phosphiran€é complexes
suggests that the phosphirane ring tightens when the number of spiro atoms is increased. This is supported by
the B3LYP and MP2/6-31G* computed geometries of the uncomplexed parent systems. Ab initio calculated
heats of formation and strain energies (SE) are reported for the parent phosgdHirphesphaspiropentane

12, and phospha[3]triangulari using both G2MP2 theory and ring separation reactions. Our best estimates
for the AH; of 11, 12, and13 are 18.3, 48.4, and 78.2 kcal/mol, respectively, with corresponding SE values

of 21.3, 54.7, and 87.9 kcal/mol. For comparison, the slightly modified G2MP2 method was also applied to
cyclopropanel, spiropentane, and [3]triangulane to give respectiveAH; values of 12.6, 44.3, and 75.3
kcal/mol, with corresponding SEs of 28.0, 64.6, and 100.5 kcal/mol, all of which are in excellent agreement
with reported experimental data. These strain energies suggest that the excess strain per spiro atom is 5.3
kcal/mol for phosphattriangulanes, which is smaller than the 8.6 kcal/mol determined from the heat of

combustion measurements for thdtfiangulanes.

Three-membered ring structures are of broad interest and haveoxaspiropentanesgioxaspiropentanesand azaspiropentarfes

been subject to intense studlBpiro compounds that connect

such rings by joint carbons are even more intriguing, but much
less is known about them. Several groups have excelled in the
studies on hydrocarbons and have reported an array of exotic

polyspiro condensed rings, such as the linediripngulanes
and the cyclic pJrotanes, wheren indicates the number of
cyclopropane 1) rings? Heterop]triangulanes have received

were reported some three decades ago. Also, dispirocyclohep-

1 2

tane, the parent [3]triangulade’ was synthesized in that period,

only modest attention. Whereas spiropentane, the parent [2]-while the substituted ox&and sila[3]triangulanésare of more

triangulane 2,3 has been known for nearly a century, the
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the complexed phosphirai? and phospha[2]triangulang!?

we here report the first synthesis of the remarkably stable
phospha[3]triangulane complékby employing the carbene-
like reactivity of the in situ generated terminal phosphinidene
complex PhPW(CQ)!2 As olefin we chose the well-character-

tBu_ tBu [M]

N
P .H"'P P il
| > | >
By 4 MBu A 5 ot
W(CO)s
Ph. / Ph W(CO)s
P </E/
6 7 Figure 1. ORTEP presentation scaled to 50% probability ellipsoids

of 8.
ized bicyclopropyliden®,* which has also been used for the
synthesis of [3]triangulanes, their oxa derivatives, and Ti and planes containing the two cyclopropyl rings is normal and
Co complexed? Because of the importance of strain energies jllustrates the absence of any distortion. The P-phenyl is
(SE) for small rings and catenated rings, we also report orthogonal (86.4(3) to the phosphirane ring but slightly rotated
computed SE values for the parent phosphirafephospha- (9.5°) from bisecting it. Likewise, the W(C@proup is rotated
[2]triangulanel2, and phospha[3]triangulartes. by 9.¢° from eclipsing the P-phenyl group. The phosphirane
ring of 8 is very similar to that of6 and derivatives thereof.
Only 7 shows P-C bonds of quite different lengths. This
differentiation in bond lengths is common in hetero[2]-
triangulanes, which are also thermally more labile and sensitive
to acidic rearrangemeni$:1%abWe note that8 is stable in
toluene for 48 h at 60

Do cyclopropyl ring substituents increase the strain in the
Results and Discussion phosphirane ring? Comparison of the X-ray structur8 wfith
those of7 and6 does not provide a clear answer. We therefore
resorted to ab initio theory to compute their structures and strain
energies. Parent structurkk 12, and13were computed without
the W(CO} group and without P substituents (i.e., onlyIR)
to maintain the calculations within manageable proportions.
W(CO)s Their B3LYP and MP2(full)/6-31G* geometries are shown in
(PhPW(CO):] Figure 2, which also contains the geometries of the hydrocarbons
— 3 1, 2, and 3. B3LYP/6-31G* structural parameters of the
[>:<] + R}E?Me _ ‘H@"‘e phosphirane rings are summarized in Table 3, together with
R Me RTS""Me those determined by microwave spectroscopylbThese data
9 10 R=COMe illustrate that the stabilizing PHP—W/(CO)s substituents (Table
1) shorten the €P bonds by~0.05 A, lengthen the €C bond
While we concentrate on the structural properties and strain by ~0.01-0.03 A, and widen the CPC bond angle t°.
energies, it is of interest to note that tH® NMR resonance of ~ Comparison between the B3LYP structures (Table 3) shows a
8 até —129.4 ppm is at surprisingly low field as compared to decrease both in-€P and G-C bond lengths and in the CPC
the 6 —154.8 ppm for phospha[2]triangulane compl&xand angle with each cyclopropy! increment (an average CP bond
the 6 —187.6 ppm for phosphirane compléx length is used fofl2). Thus, the cyclopropyl groups appear to
X-ray and Ab Initio Structures. The results of the single-
crystal X-ray structure analysis are shown in Figure 1, with  (13) Mathey, FAngew. Chem., Int. Ed. Endl987, 26, 275. Marinetti,

selected bond lengths and angles summarized in Table 1. Tableéi-;c'\fqgﬁh?’; 5}82%?3”2?@2?%?13% n?f éi%g“g?'fgf'ﬁg 4Mat2§r¥ét';-?

2 compares the bond lengths and angles of the phosphirane ring - Mathey, F.Organometallics1982 1, 1488. Lammertsma, K.; Chand,
of 8 with those of6 and7. The P-C(1) and P-C(2) bonds of P.; Yang, S.-W.; Hung, J.-TOrganometallics1988 7, 1875. Hung, J.-T.;
8 are equal to each other within experimental error limits, which Yang, S.-W.; Chand, P.; Gray, G. M.; Lammertsma,JKAm. Chem. Soc.

s : : : : : 1994,116,10966. Lammertsma, K.; Hung, J.-J. Org. Chem1992 57,
is in line with the orthogonality of the phosphirane ring with 6557, Lammertsma, K.. Hung, J.-J. Org. Chem1993 58, 1800. Wang,

both cyclopropyl rings (angles of 89.5¢6and 89.7(7)) and B.; Lake, C. H.; Lammertsma, Kl. Am. Chem. S0d.996 118 1690.

1 12

Catalyzed by CuCl, the addition reaction of the complexed
phosphinidene precursd0 with an excess 09 in toluene at
55°C for 2 h in apressure chamber gives the desired product
8 in 70% vyield as colorless, air-stable crystals after workup.

with the WPC(7) plane. The intercept of 72.0(Between the Ch(14)ldge9 gfltesiéer;d 2A-: Kozhushov, S. I.; Spaeth, T.; Zefirov, NJSOrg.
em. , .
(10) Weber, L.; Luker, E.; Boese, R. @rganometallics1988 7, 978. (15) (a) Erden, |.; de Meijere, ATetrahedron Lett198Q 21, 2501. (b)
(11) Baudler, M.; Leonhardt, WAngew. Chem., Int. Ed. Engl983 de Meijere, A.; Erden, I.; Weber, W.; Kaufmann, D.Org. Chem1988
22, 632. 53, 2501. (c) Foerstner, J.; Kozhushkov, S.; Binger, P.; Wedemann, P.;
(12) Hung, J.-T.; Yang, S.-W.; Gray, G. M.; Lammertsma,JX Org. Noltemeyer, M.; de Meijere, A.; ButensthoH. Chem. Communl998

Chem.1993 58, 6786. 239.
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Table 1. Selected Crystallographic Bond Distances (in Angstroms), Angles (in Degrees), and Dihedral Angles (in Degrees) with&SDs of

atoms distance/angle atoms distance/angle atoms distance/angle
W-P 2.495(2) C(1yC(2) 1.48(1) C(2y-C(5) 1.50(1)
P—C(1) 1.807(8) C(1)C(3) 1.48(1) C(2)-C(6) 1.51(1)
P—C(2) 1.820(8) C(1yC4) 1.49(1) C(5)-C(6) 1.53(1)
P—C(7) 1.833(8) C(3rC4) 1.51(1)
WPC(7) 122.3(3) WPC(1)C(2) 107.9(4) C(7)PC(2)C(1) 97.5(5)
C(1)PC(2) 48.1(4) WPC(2)C(1) —109.4(4) C(3)C(1)C(2)C(5) 2.6(1.7)
C(3)C(1)C(4) 61.2(7) C(7)PC(1)C(2) —97.6(5) C(4)C(1)C(2)C(6) 3.7(1.6)
C(5)C(2)C(6) 61.4(6)
Table 2. Comparison of Selected Bond Lengths (in Angstroms) Table 3. Selected B3LYP/6-31G* Bond Lengths (in Angstroms)
and Angles (in Degrees) for the X-ray Crystal Structures,of, and Angles (in Degrees) fdr3, 12, and11
and6 bond/angle 13 12 112
a
bond/angle 8 " 6 c)-C@) 1.461 1.475 1.493 (1.502)
C(1)-C(2) 1.48(1) 1.508(9) 1.50(2) C(1)-P 1.866 1.905 1.886 (1.867)
C(1)-P 1.820(8) 1.855(7) 1.83(2) C(2-P 1.866 1.849 1.886 (1.867)
C(2)-P 1.807(8) 1.794(6) 1.80(2) C(1-P-C(2) 46.1 46.3 46.6 (47.48)
P—-W 2.495(2) 2.500(2) 2.504(2) P—C(2)-C(1) 66.9 68.9/64.9 66.7 (66.26)
C(1)-P-C(2) 48.1(4) 48.6(3) 48.6(7) - - -
W—P—Ph 122.3(3) 123.2(2) 122.9(3) a Experimental values from ref 16 are given in parentheses.

a Reference 10.

cyclopropyl rings. X-ray structur8 only suggests this effect,
with a distal C(3)-C(4) bond length of 1.51(1) A and C&)
C(3) and C(13-C(4) proximal bonds of 1.48(1) and 1.49(1) A,
respectively, because the differences are within experimental
uncertainties; the C(2)C(5)C(6) cyclopropyl ring has a distal
bond of 1.53(1) A, with proximal bonds of 1.50(1) and 1.51(1)
A

Heats of Formation. With decreasing phosphirane bond
lengths on cyclopropyl substitution, an increase in strain energy
(SE) may be expected, i.e., tighter rings are more strained. For
Lol q the parent phosphirarid, we report its heat of formatiom\Hs)

1483 Y and SE at the G2MP2 level of theory. After validation of this
methodology on the hydrocarbods 2, and 3, AH; and SEs
are given for the larger system® and 13. Throughout, we
employ homodesmotic reactions (egs 1, 2,1D) to calculate
the SEs. Ring separation reactions (eg$gare also used as
a simple means to estimatéH; values for the spiro compounds.

(i) Phosphirane. It is informative to review first available
SE values of various three-ring structures. The established
(experimental) SE for cyclopropane of 27.5 kcal/mol is based
on its heats of formation of 12.74 kcal/m®tin the present
work we use eq 1. Similar SEs have been reported for aziridine
(27.1 kcal/mol) and oxirane (27.2 kcal/méf).Bachrach®
reported earlier a SE for phosphirane of 20.1 kcal/mol computed
at the HF/6-31G* level of theoryfZPE at 3-21G*) using the

: homodesmotic reaction shown in eq 2. The reported SE of 19.8
Figure 2. B3LYP and MP2/6-31G* optimized structures fbr 3 and kcal/mol for thiirane is of a similar magnitudéwhile the ab

11-13. Upper values are the B3LYP bond lengths (in angstroms) and
angles (in degrees), while the lower italic values are those at MP2. (17) (a) Boese, R.; Miebach, T.; de Meijere, AAm. Chem. S04991,

113 1743. (b) Zdiner, S.; Buchholz, H.; Boese, R; Gleiter, R.; de Meijere,
tighten the phosphirane ring. The X-ray structures suggest aA. Angew. Chem., Int. Ed. Engl99], 30, 1518. (c) Boese, R.; Michach,

P ; e ; T.; de Meijere, A.Liebigs Ann.1996 913. (d) Boese, R.; Blaser, D;
similar effect, but those differences are well within experimental Gomann, K. Brinker. U. HJ. Am. Chem. S0d989 111, 1501,

error limits. (18) (a) Wiberg, K. BAngew. Chem., Int. Ed. Engl986 25, 312. (b)
Boese and de Meijere showed by low-temperature X-ray The reported SE value of 28.1 kcal/mol is based on the group increment

inati i (Gl) method: Schleyer, P. v. R.; Williams, J. E.; Blanchard, KJRAm.
structure determinations the distat-C bonds (the bonds away Chem. Soc1970 92 2377, Wisthwein. E-U.. Chandrasekhar, J.; Jemmis,

from the_spiro (_:arbon) ofnftriangulanes to be slightly Ionger_ D. E.; Schleyer, P. v. RTetrahedron Lett1981 22, 843.
than their proximal bonds (the bonds connected to the spiro  (19) Pihlaja, K.; Taskinen, E. IPhysical Methods in Heterocyclic
carbon)t” For example, for [3]triangulan®these are 1.531(1)  Chemistry Kratitzky, A. R., Ed.; Academic Press: New York, 1974; Vol.

and 1.485(1) A, respectively, and the ab initio bond lengths 6, ?2(1J§)%achrach S. MJ. Phys. Chem1989 93, 7780.

show the same effect. The calculated phosphirane geometry of (21) stirling, C. J. M.Tetrahedron1985 41, 1613.

13 (but also of 12) displays the same behavior for the (22) Boatz, J. A.; Gordon, M. S.; Hilderbrandt, R.1..Am. Chem. Soc.

1988 110, 352. See also: Kitchen, D. B.; Jackson, J. E.; Allen, LJC.
(16) Bowers, M.; Baudet, R. A.; Goldwhite, H.; Tang, R.Am. Chem. Am. Chem. Socl99Q 112, 3414 (this work reports a SE for silirane of

Soc.1969 91, 17. 40.2 kcal/mol).
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initio estimate for silirane is much higher (43.4 kcal/m@l). of formation for cyclopropane (12.74 kcal/mol) and methane
(—17.89 kcal/mol) results in estimatéd; values of 43.37 kcal/
1+ 3 CH;CH;— 3 CH;CH,CH; (1) mol for 2 and 74.00 kcal/mol fo3, which are in excellent
agreement with the corresponding experimental values of 44.23
114 2 CHPH, + CH,CH, — and 72.27 kcal/ma’

CHZPHCH, + 2 CH,CH,PH, (2)
2+CH,—21 3)
In the absence of experimental data, such as its heat of
formation, a more rigorous theoretical treatment seemed desir- 3+2CH,—31 4)
able to ascertain the SE of phosphirane. We estimatdia
value of 20.2 kcal/mol on the basis of the G2MP2 calculated  Applying the same approach to the phospitalangulanes,
heat of atomization. An SE of 21.3 kcal/mol is obtained using by using egs 5 and 6 and the G2MP2 calcula¢tt value of
G2MP2 calculated\Hs values for all the fragmer$of eq 2. 20.2 kcal/mol for phosphirangl, gives estimated\H; values
Using experimentalH; data instead gives a larger SE of 25.5 of 50.7 kcal/mol forl2 and of 81.2 kcal/mol fod3.
kcal/mol, but uncertainties in the experimental data render this

a less reliable estimate. The accuracy of the G2MP2 method 12+ CH,—11+1 (5)
was verified for cyclopropane, giving calculatédd; and SE
values (eq 1) of 14.5 and 28.0 kcal/mol, respectively. These 13+2CH,—11+21 (6)

are in good agreement with the corresponding experimental _ _
values of 12.7 and 27.5 kcal/mol. The SE value of 21.3 kcal/ (b)) G2ZMP2 Heats of Formation.To alleviate concerns about
mol for the low-coordinate phosphirane is similar in magnitude the accuracy of the heats of formation of the organophosphorus
to that of thiirane and expectedly smaller than those of the three compounds, we computed them from atomization energies using
rings of the first row of the periodic table. Bachratbxplained ~ the G2MP2 method. At this level of theory, thdd; values are
this to result from the small CPC angle, which reduces the 51.2 kcal/mol forl2 and 82.0 kcal/mol fol3, both of which
degree of G-C bending and thereby creates a strongeiCC compare remarkably well with those resulting from the above-
bond. The rather large SE for silirane has been traced to thediscussed ring separation method.
preference of silicon for angles near°¥8 To verify proper performance of the G2MP2 method, we also

(i) Phosphajn]triangulanes. The total ring strain of if]- computed the heats of formation for spiropent@nand [3]-
triangulanes is not a simple addition of the SEs of the number triangulane3. Sizable deviations from experimental data were
of cyclopropane rings. For example, based on experimental heatfound, much to our surprise. For example, the G2MP2 calculated
of formation, the SEs are estimated to be 65 kcal/mol for [2]- value of 47.08 kcal/mol for2 is already larger than the
triangulane2 and 99 kcal/mol for [3]triangulan®,?> which are experimentally determined value by a noticeable 2.85 kcal/mol.
more than twice and three times' respecti\/ew' that of Cyc|0_ However, for3 the difference amounts to a very Significant 6.8
propanel. De Meijere showed for a series af]friangulanes kcal/mol, well outside the range &f2 kcal/mol established for
(n < 5) that the excess SE per cyclopropane increment is 8.6 Small systems. This suggests that the G2ZMP2 estimatdel
kcal/mol25 Whether the same effect applies to phospha]  (3) of 79.06 kcal/mol is too large, since the differences for the
triangulanes is not easily established due to the noted lack ofsmaller alicyclic hydrocarbons, used in the homodesmotic
experimental heats of formation. We therefore resort to two reaction, are modest and within the expected r&Ageappears
computational approaches, i.e., ring separation reactions andhat the G2MP2 method works well for small molecules but
G2MP2 theory, to obtain estimatexH; values. The methods  that its performance is less satisfactory for the larger ones, and
are also applied to the related hydrocarbons for reference.  in particular for [3]triangulane, the system of interest. The origin

(a) Ring Separation ReactionsThis approach to obtaifH; of th|s_deV|at|on lies mainly in the empirical hlgher_ level
values for saturated spiro hydrocarbons, includlind3, was correction (HLC) that the G2ZMP2 method uses. This HLC
successfully employed earlier by Rad®rand by Richard and correction becomes substantial for large systems because it is
de Meijere?> Thus, using egs 3 and 4 and the experimental heatsrelated to the number of valence electron paiiLC) =

23 The GZMP2 AN enthaliies (m koalimal), with GZMPZ (i) (—0.1%a — 4.8In8) x 1073, Arbitrarily increasingE(HLC)

e enthalpies (In kKcal/mol), wi Irs H ] H

and reported experime;\tal valdéésecond) in parentheses, are as follow: by 10%, which we denote as G2MF?2 results in the more
—18.94 (-17.99,—17.80) for methane-21.29 (-19.72,—20.1) for ethane, reasonablé\H; values of 44.26 kcal/mol fo2 and 75.30 kcal/
—26.45 (-24.25, —25.0) for propane,—42.31 (-38.86, —40.0) for mol for 3, while those for the smaller hydrocarbons are less

neopentane;-5.37 (—3.80, —4) for methylphosphine;-14.51, (12.31, imi
—14) for dimethylphosphine;-10.25 (-8.05, —9.7 (est.)) for ethylphos- Eﬁel(/:rtﬁdl' fWre nolte :hat r:he flmllar'!y CO?%;Jt?r\I;'ivEtr?fﬂ;LZ.SZ ri
phine, and-24.57 (-21.11,—24) fortert-butylphosphine. The experimental cal/mol 1or cyclopropane also agrees bette € experl-

AH; of 9.7 for EtPH is an estimate based on the G2MP2 calculated mental value.

diff(esz)“f_e Ofs‘l-%kcé"/“t“f" Witthhé iSLf_J“”t')efiC 'Y?HI-: Hol Levin R D If the AH; values ofl, 2, and3 require an HLC adjustment

1as, S. G.; bartmess, J. &.; Liebman, J. i.; Rnolmes, Levin, R. D.; . :

Mallard, W. G.J. Phys. Chem. Ref. Dat988 17, Suppl. 1 (GasPhase in the G2MP2 approach, we must assume that the same applles

lon and Neutral Thermochemistry). for the organophophorus compounds. Indeed, the resulting
(25) Beckhaus, H.-D.; Rehardt, C.; Kozhushkov, S. I.; Belov, V. N.;  G2MP2 calculatedAH; values are likewise smaller, although

Verevkin, S. P.; de Meijere, Al. Am. Chem. S04.995 117, 11855. the effect is less than that fat—3, i.e, 18.3 kcal/mol for

(26) Kao, J.; Radom, LJ. Am. Chem. S0d.978 100, 760. .
(27) Luk'yanova, V. A.; Pimenova, S. M.; Kolesov, V. P.; Kuznetsova, Phosphirand.1, 48.4 kcal/mol forl2, and 78.2 kcal/mol fof.3

T. S.; Kokoreva, O. V.; Kozhushkov. S. I.; Zefirov, N. Bh. Fiz. Khim. (see Table 4).
1993 67, 1148;Russ. J. Phys. Cheri993 67, 1023. G2MP2 Strain Energies First we evaluate the performance

(28) The recently developed G3 method uses four molecule-independent . . .
parameters for the higher level coorection, but this method is too expensive of G2MP2 theory by determining the strain energiesZend

for the molecules of the present study. G3: Pople, J. AA@ew. Chem. 3 using only calculated G2MP2 heats of formations for all the
1999 111, 2015. (b) Curtiss, L. A.;; Raghavachari, K.; Redfern, P. C.; mpolecules of egs 7 and 8.
Rassolov, V.; Pople, J. Al. Chem. Phys1998 109 7764. G3(MP2):

Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Rassolov, V.; Pople, J. A.
J. Chem. PhysL999 109, 4703. 2+ 6 CH,CH; —~ 4 CH,CH,CH; + C(CHy),  (7)
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3+ 9 CH.CH.,— 5 CH,CH.CH, + 2 C(C 8 Table 4. Summary ofAH; and SE (in kcal/mol) from Ring
HCH, HCH,CH, (CH), ®) Separation (RS) Reactions and G2MP2 Estimates

We note that the SE values are not influenced by the discussed AH/SE  method 11 12 13 1 2 3
HLC correction because of the balance of valence electron pairs 5, RS 50.69 81.19 4337  74.00
in the homodesmotic equations. The resulting SEs are 64.6 kcal/ G2MP2 20.19 51.24 81.99 14.46 47.08 79.06
mol for 2 and 100.5 kcal/mol foB, which are 1.0 and 4.2 kcal/ G2MP2 18.31 48.41 78.22 1257 4426 75.30
mol larger than those based on experimental data. This is a exp(9) 12.78 4423 72.27
remarkably good comparison considering that eq 4 @pr eGX%MPZ 213 547 819 2722'0 636;? 9612’%5
contains 17 molecules. The 4.2 kcal/mol difference in SE values oy ess SE G2MP2 54 106 8.6 16.5

for 3 results largely from the 3.8 kcal/mol difference between - T YIS = 7 Res. Nat Bur Stnd

its G2MP2 and experimentalH; values. It then appears that __°Reference 18 Fraser, F. M.; Prosen, E. J. Res. Nat. Bur. Stand.
- _ L . 1955 54, 143.¢ Reference 27¢ Determined from eq 7 using experi-

GZMEZ theory performs very satisfactorily in determining strain mental AH, values.© Reference 29.

energies for the hydrocarbons.

For the organophosphorus compounds, using calculiited 0 ranophosphorus analogues, for which no experimental data

va:ues oply forkall It/he rlnfoleculeds of eqks 9I/and| %O resurl1ts in SE are available, the G2MP2alculatedAHs values are 18.3 kcal/
values of 54.7 kcal/mol fot2 and 87.9 kcal/mol foll.3. These mol for 11, 48.4 kcal/mol forl2, and 78.2 kcal/mol fod.3.

are, as expected, considerably lower than those of the hydro-
carbons2 and 3.

Strain energies for the parent organophosphorus and hydro-
carbon compounds were obtained from G2MP2 calculatdg
12+ 2 CH,PH, + 4 CH,CH, — values. These theoretical values are 21.3 kcal/molips4.7

CH,PHCH, + CH,CH,PH, + 2 CH,CH,CH, + kcal/mol for 12, and_ 8?.9 kcal/mol fod.3.
The excess strain in the phosphjfiangulanes 1f < 2),

CH,C(CHy),PH, (9) which is the strain for spiro carbons in excess of that of the

. three-membered rings, amounts to 5.3 kcal/mol per spiro carbon.

13+ 2 CHPH, + 7 CH,CH;, This is ca. 40% less than the excess strain in ling&igngulane
CH,PHCH, + 4 CH,CH,CH, + 2 CH,C(CH,),PH, (10) hydrocarbons.

Excess StrainFrom the computed SE (artHy) data, excess  computational Section
strain per cyclopropyl increment on the cyclopropane and
phosphirane rings can be determined. Based on experimental All electronic structure calculations were carried out using the
heats of formation only, de Meijere showed, as already noted, GAUSSIAN 94 suite of program®.For the density functional theory
that the excess SE per cyclopropyl is 8.6 kcal/mol for the (DFT) calculations, Becke’s three-parameter hybrid exchange functional
hydrocarbon fjtriangulanesf < 5).25 Using SE values based was used in combination with the Le&ang—Parr correlation

. S functional?~3 denoted as B3LYP. The 6-31G* basis set was employed
on G2ZMP2 calculated heats of formations for the more limited throughout for the geometry optimizations. The B3LYP and MP2(full)

setl, 2, and3 (n = 2), we obtain, gratifyingly, a similar excess  ggyctures ofl—3 and11—13were characterized as minima by analysis
SE per cyclopropyl group of 8.4 kcal/mol. of their Hessian matrixes.

Substitution of the phosphirane ring results in a smaller excess  Heats of formation&He%) of methane, ethane, propane, neopentane,
SE per cyclopropyl increment of 5.3 kcal/mol, which is based 1, 2, 3, methylphosphine, dimethylphosphine, ethylphosphteet:
on the similarly determined SE values fby 11, 12, and 13. butylphosphine 11, 12, and 13 were estimated from their heats of
This ca. 40% reduction in excess SE reflects the lesser degreeatomization calculated at G2MP2This metho&* uses MP2/6-31G-
of rehybridization needed for the spiro atoms of the organo- (d) geometries and obtains its energies from the QCISD(T) meéthod,

phosphorus CompoundS, WhICh |S |n ||ne W|th phosphwane’s 6.7 USing the 6'3116(d,p) basis §éW|th basis set addItIVIty corrections
kcal/mol smaller SE than that of cyclopropane. at the MP2 level of theory. The combination of basis set and correlation

corrections and two empirical corrections yields where the empirical

Conclusions
The first phospha[3]triangulane has been synthesized as agGamp2)= E(QCISD(T)/6-311G(d,p)-
W(CO) complex. This remarkably stable compow)darrying E(MP2/6-311G(3df,2p)— E(MP2/6-311G(d,p)-
only a Ph-P substituent, has been fully characterized by its E(HLC) +E(ZPE)

X-ray crystallographic structure. Comparison with the X-ray
structures of the similarly PhP substituted phosphaspiropentane .
(7) and phosphiranes] complexes suggests a denser structure,
but the geometrical differences are within experimental uncer-  (29) Using the GI method gives SE values of 65.1 and 98.5 kcal/mol
tainties. for 2 and 3, respectively?>

; _ * _ * _ (30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Comparison of the B3LYP/6-31G* and MP2/6-31G* geo Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

metrical parameters of the parent compounds_ phosphitde (A Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
phosphaspiropentanel?), and phosphal[3]triangulanel3) V. G.; Ortiz,J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;

shows, indeed, a tightening of the [3]triangulane structure. \E‘V%';]?a,\';'_‘%il AAr}'drCehsélllécLo.ngblgdlep,el;gs’.?ézh Qgﬁ?i R(A-ér(t:iﬂfg’_ \C’
Heats of formation were computed by ring separation Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

reactions and by G2MP2 theory for the parent organophosphorusGordon, M.; Gonzalez, C.; Pople, J. ASAUSSIAN94 Revision B.1;

compounds and their hydrocarbon analogues. A small modifica- Gaussian, Inc.: Pittsburgh, 1994.

tion in the HLC correction used in the G2MP2 method was g%g gggtg’ ﬁ' B%h(;:eg]é F’Af13:{318989§8983,059%48.

needed to obtain agreement between the G2MP2 calculdied (33) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

values and the experimental values reported in the literature (34) Curtiss, L. A. R., K.; Pople, J. Al. Chem. Phys1993 98, 1293.

for cyclopropane ¥), spiropentane), and [3]triangulane3). Ph§/355)LFé?tglhgeg’§‘°l§£"2'6;Truc"s' G. W.; Pople, J. A.; Replogle, Efem.

The resulting G2MP2calculatedAHs values are 12.57 kcal/ (36) Krishnan, R.: Binkley, J. S.; Seeger, R.; Pople, I.AChem. Phys.

mol for 1, 44.26 kcal/mol for2, and 75.30 kcal/mol foB. For 198Q 72, 650.

higher level correction” is given b¥(HLC) = (—0.1%a — 4.81n3)




Synthesis and Structure of a Phospha[3]triangulane

Table 5. Crystal Data and Data Collection Procedures8or

formula GoH130sPW
molecular weight 512

crystal system orthorhombic
space group P212:12;

a(h) 6.7571(5)

b (A) 15.6324(44)
c(A) 16.8693(36)

V (A3 1781.9(6)

Z 4

pcalc (g/cnP) 1.909

crystal dimensions (mm)
abs coeff (cm?)
radiation (A)

0.14 0.18 x 0.08
132.329
Cu Ka (1.5418)

extinction coeff 5.4130« 1078
26 limits (deg) 0.1< 0 <148
scan type /20

scan width (A 1.64

no. of unique data 2088

no. of data with > 3¢ 2040

no. of parameters 257

largest parameter shift/error 0.01

R (%) 3.43

Ry (%) 4.72

GOF 1.507

max peak in diff Fourier (e/A 0.719

min peak in diff Fourier (e/A) —0.538
decay 0%

max abs corrn 1.513

min abs corrn 0.707

x 1072 au.E(ZPE) is obtained by scaling the SCF/6-31G(d) harmonic

frequencies by 0.8929.

Experimental Section

NMR spectra were recorded on a Bruker NT-300, wide-bore FT-
NMR spectrometer. Chemical shift are referenced in ppm to internal
(CHs)4Si for the*H and'3C NMR spectra and external 85%P0; for
the 3P NMR spectra. Downfield shifts are reported as positive. The
elemental analysis was performed by Atlantic Microlab, Inc., Norcross,
GA.

(7-Phenyl-7-phosphadispiro[2.0.2.1]heptane)pentacarbonyl-
tungsten (8). Reaction of complext0*® (0.33 g, 0.5 mmol) with 10
equiv of bicyclopropyliden®'* (0.45 g, 5 mmol) and ca. 10% CuCl
(50 mg, 0.05 mmol) was carried out in toluene in a pressure chamber
at 55 °C for 0.5-1 h until complex10 was fully converted, as
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determined by'P NMR. The reaction mixture was filtered, evaporated
to dryness, and chromatographed on silica gel with hexanes to yield
0.18 g (70%) of8, which after fractional crystallization from hexanes
gave colorless crystals: mp 881 °C; 3P NMR (GsDg) 6 —129.4
(RICP—-18W) = 170.6 Hz);*C NMR (CGsDg) 0 7.96 (s,synCHy), 9.67

(s, anti-CHy), 26.0 (d,XJ(P—C) = 27.7 Hz), 128.6-133.5 (Ph), 195.7
(cis CO);*H NMR (C¢Dg) 0 = 0.97 (q,2J(P—H) = 4.5 Hz,synCH,),
1.18 (q,3J(P—H) = 4.5 Hz,synCH,), 1.33 (dt,2J(P—H) = 7.5 Hz,
anti-CHy), 1.45 (dt,2J(P—H) = 7.5 Hz,anti-CH,), 7.56 (m, Ph); MS
(*¥W) m/e (relative intensity) 512 (M, 20), 428 (M~ — 3CO, 30),
404 (Ph-P(W(CO), 20), 376 (Ph-P(W(CO), 100), 348 (Ph
P(W(CO), 40). Anal. Calcd for GH130sPW: C, 39.84; H, 2.54.
Found: C, 39.59; H, 2.57.

X-ray Structure Determination of 8. Diffraction data of a single
crystal, mounted on a glass fiber with epoxy cement, were collected at
room temperature on an Enraf-Nonius CAD4 diffractometer using Ni-
filtered Cu Ko radiation. Standard peak search and automatic indexing
routines, followed by least-squares fits of 25 centered reflections,
yielded the lattice constants for the crystal. Three reflections were
measured periodically to monitor decay, and linear decay corrections
were applied. Intensities were corrected for Lorentz and polarization
effects; linear decay and numerical absorption corrections were applied.
Variances were assigned on the basis of standard counting statistics,
with the addition of an instrumental uncertainty term, &g4Lorentz,
polarization, and absorption corrections (using the DIFABS program)
were made to the ando? terms. The structure was solved by standard
Patterson and difference Fourier techniques and refined by weighted
full-matrix least squares. The final difference Fourier map contained
no interpretable peaks near the W atom as extra atoms. All computations
used the MolEN software. Details of the crystal data and structure
solution procedures are summarized in Table 5.
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