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Remarkable Deprotonation Energies of with ZPE evaluated at HF/6-31G* and scaled by 0.9646. All
Tetraphosphacubanes calculations were performed with use of GAUSSIAN?94.
Optimization of the structures df—3 was carried out irC,,
symmetry, but each convergedTgsymmetry. Some important
geometrical parameters for these compounds are listed in Table
Department of Chemistry and Biochemistry 1. The C-P distance is shorter in the oxide and sulfide than in
Northern illinois University the parent. Also, bond angles around C and P are closer’to 90
DeKalb, lllinois 60115 in 2and3 than in1. We have previously reported that the ring
strain energy ol is about 100 kcal mol less than that of cubane,

Receied December 17, 1997  and argued that this reduction is primarily attributable to the larger

Revised Manuscript Recegd February 24, 1998 angle about C irl compared to cubarfe.The geometries o2

and3 suggest that they are more strained tthawhich generally

indicates enhanced acidity.

The structures of the conjugated base$-68 (designated with

a trailing A) were optimized by invokin€s, symmetry. Analysis

of the Hessian matrix confirmed that these structures are at local

minima. Selected distances and angles for these three anions are

‘listed in Table 2. The changes in the angles upon deprotonation

suggest increased strain in the molecules. Even more intriguing

are the changes in bond distances. The distance between the

Steven M. Bachrach* and BettyCep D. Gailbreath

Among all of the chemical properties of cubane, perhaps the
most interesting is its enhanced acidityStrain has long been
known to increase carbon acidity, and has been rationalized in
terms of increased s-character of the hybrid orbital used by carbon
to form the bond to hydrogeh.Recently, Kass and Eaton were
successful in experimentally determining the gas-phase deproto
nation energy (DPE) of cubaieThe DPE of cubane is 404
3 kcal mort, which is in perfect agreement with the computational
estimates. Given that phosphorus is known to stabilize adjacent.;pon formally carrying the negative charge:;X@nd the
carbaniond,and that tetraphosphacubane is a strained molecule neighboring P atom shortens dramatically upon deprotonation:
(though substantially less strairtébdan cubane itself), we thought —0.063 A forl— 1A. —0.083 A for2 — 2A. and—0.066 A for
that it too should possess enhanced acidity. The tetraoxide andy _, 3o | addition’the PO and P-S disiances are longer in
tetrasulfide tetraphosphacubanes should be even more acidic, dugye anions than in the neutrals, including the ones across the body
to the ability of the oxygen and sulfur to accept charge. We report yiaqona| from the anionic carbon. These changes are suggestive
here computational evaluations of the deprotonation energies of ¢ ja|ocalization of the negative charge from C to Pljrand

these compounds. onto O and S 2 and3. This delocalization should stabilize the
The first tetraphosphacubane was prepared by thermal tet-, .0 20 therefore lead to low DPE.

ramerization ofert-butylphosphaethyrfe.An improved synthetic The calculated DPE df—3 are listed in Table 3. These DPEs
method involves catalytic cyclooligomerization of the phospha- e remarkably small (particularly the DPE 2)fand need to be
ethyne in the presence of bis(cyclopentadienyl)zirconium chlo- h5ceqd within a proper contes. Toward that end, we have
ride.” The tetraoxide is prepared by oxidation of the tetraphos- .5\cyjated the DPE of four model compounds (2-methylpropane,
phacubane with bis(trimethylsilyl)peroxide and the tetrasulfide imethyiphosphine, trimethylphosphine oxide, and trimethylphos-
is synthesized by reaction with sulfur and triethylanfinghe phine sulfide) at the same level as was done for the phosphacu-
basicity of these compounds have been _explévﬁéd. banes. These are also listed in Table 3. The recently measured
Computational estimates of carbon acidity can be very accurate, | \e of the DPE of cubane in the gas phase is 404 Kcat ol

as long as the following procedures are followed: polarization |pq calculated DPE df is 382.8 kcal molt. similar to the DPE
and diffuse functions are included in the basis set, energies arest methanol (381.2 keal mo%). 17 and 21 I'<cal mol! less than

obtained at least at the MP2 level (and, preferably, geometriest,, ¢ pane, This reduction is comparable to the difference in
are optimized at this level as well), and zero-point energies are o ppgs of MgCH and MeP reflecting the ability of P to
added to the electronic energies. Calculated DPEs are then usuallyoijize adjacent anionic cha,rge. The calculated DPB isf
within a couple of kcal mof' of experimental values: ¢ Con- 328.9 kcal mot?, which is close to the DPE gi-nitrobenzoic
sequently, we have determined the DPE for the parent molecules, 48 and dibromoacetic acif. The difference in the DPE &

tetraphosphacubang)( tetraoxotetraphosphacubar, @nd tet- d1is slightl ller than four ti the diff in th
rthiotetraphosphacubard) Gt MP2I6-33 GIMP2I6-31G*  SREs oy Jo” amater an four fires Ine sifierence in ihe
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5) Bachrach, S. M.; Perriott, L. MTetrahedron Lett1993 34, 6365— . . .
36(-,8)_ 3 What gives rise to the remarkable acidity of the phosphacu-
(6) Wettling, T.; Schneider, J.; Wagner, O.; Kreiter, C. G.; Regitz, M. banes? The answer resides in a number of factors. First, the
Angew. Chem., Int. Ed. Endl989 28, 1013-1014.
(7) (@) Wettling, T.; Geissler, B.; Schneider, R.; Barth, S.; Binger, P.; Regitz, (15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
M. Angew. Chem., Int. Ed. Endl992 31, 758-759. (b) Geissler, B.; Wettling, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A;

6

T.; Barth, S.; Binger, P.; Regitz, MBynthesisl994 1337-1343. Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. G.;

(8) (a) Birkel, M.; Schulz, J.; Berstsser, U.; Regitz, MAngew. Chem., Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanayakkara,
Int. Ed. Engl.1992 31, 879-882. (b) Ma, X.-B.; Birkel, M.; Wettling, T.; A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.;
Regitz, M. Heteroatom Cheml995 6, 1-7. Andres, J. L.; Reploge, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. L.; Binkley,

(9) Laali, K. K.; Regitz, M.; Birkel, M.; Stang, P. J.; Crittell, C. M. J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-Gordon, M.; Gonzales,
Org. Chem.1993 58, 4105-4109. C.; Pople, J. A. Gaussian, Inc.: Pittsburgh, PA, 1995.

(10) Laali, K. K.; Geissler, B.; Regitz, M.; Houser, J.1.0rg. Chem. (16) Recent values of DPEs can be found at the NIST web site, URL:
1995 60, 47—-52. http://webbook.nist.gov/.

(11) Ritchie, J. P.; Bachrach, S. M. Am. Chem. S0d.99Q 112 6514- (17) Haas, M. J.; Harrison, A. Gnt. J. Mass Spectrom. lon. Prot993
6517. 124, 115.

(12) Smith, B. J.; Radom, LJ. Phys. Chem1991], 95, 10549-10551. (18) Taft, R. W.; Bordwell, F. GAcc. Chem. Red.988 21, 463.

(13) Saunders, W. H., Jd. Phys. Org. Cheml994 7, 268-271. (19) Caldwell, G.; Renneboog, R.; Kebarle, ®an. J. Chem1989 67,

(14) Merrill, G. N.; Kass, S. RJ. Phys. Cheml996 100, 17465-17471. 661.

S0002-7863(97)04263-7 CCC: $15.00 © 1998 American Chemical Society
Published on Web 03/25/1998



Communications to the Editor

Table 1. Selected Geometrical Parameterslef3 at
MP2/6-3H-G* @

geometrical

parameters 1 2 3
r(P—C) 1.897 1.872 1.876
r(P---C)° 3.276 3.241 3.248
r(C—H) 1.092 1.092 1.092
r(P—X) 1.495 1.919
A(P—C—P) 95.8 91.8 92.6
A(C—P-C) 83.8 88.2 87.4

a All distances are in A and all angles are in de@istance between
the P and C along the body diagonal.

Table 2. Selected Geometrical Parametersléf—3A at MP2/
6-314+-G* 2

X

6
c /I 1A: X = lone pair
3 2A:X=0
| /C 3“I_/ Sy 3A:X=S
PA—C3
X
geometrical
parameters 1A 2A 3A
r(C1—P2) 1.834 1.789 1.810
r(Cs—P2) 1.912 1.884 1.885
r(Cs—Ps) 1.896 1.862 1.864
r(P-—X) 1.506 1.939
r(Ps—X) 1.509 1.941
r(Cye++Ps) 3.180 3.146 3.193
A(P,—C1—Pz) 96.7 93.7 92.4
A(P—C3—P>) 92.3 87.6 87.7
A(Cs—P,—Cy) 89.3 89.2 88.2
A(Cs—Ps—C3) 86.8 90.6 89.5

a All distances are in A and all angles are in deg.

Table 3. DPEs (kcal mot!) of 1—-3 and Model Compounds at
MP2/6-3HG* + ZPE(HF/6-31-G*)

compd DPE compd DPE
1 382.85 MeP 389.70
2 320.22 MegP=0 378.89
3 328.91 MgP=S 372.89
Me;CH 412.44

C—H bond is composed of a hybrid on C that is largely of
s-character; based on natural bond off@analysis the C hybrid
of the C-H bond is sp**in 1, sp>%”in 2, and sp'8in 3. Greater

J. Am. Chem. Soc., Vol. 120, No. 14, 13829

s-character leads to higher acidity, though the s-character here is
not enough to produce the dramatically low DPEs.

The acidity is largely attributable to significant charge delo-
calization in the anion, leading to a very stable carbanion. The
C—P bond is quite polar, with essentially a full negative charge
on C and a full positive charge on P, as determined by either the
topological metho® or natural population analysis (NPA).
According to NPA, each P atom gains 0.08 e when the proton is
lost from1 and 0.04 e when the proton is lost fr@n In addition,
2A is stabilized by each oxygen accepting about 0.05 e. The
principal charge delocalization is to S3#A, where each S picks
up about 0.1 e, while the charge on P remains unchanged. These
delocalizations are reflected in the structure of the anions, which
all have very short &-P; distances and lengthenegHX bonds.

We should emphasize that all four O or S atoms accept
electrons in the anions, even the ones remote from the anionic
center. A through-space interaction between the anionic center
and the P, PO, or P=S across the cube transfers density to this
remote acceptor. The contraction of this body diagonal distance
in the anions relative to the parent reflects this interaction. The
interaction is strongest in the oxide, where the cross cube distance
is short, and more charge is transferred to this remote O than to
the adjacent O atoms. This interaction is less in the sulfide, and
the remote S gains less charge than the other S atoms.

Therefore, due to the ability of P and O or S to accept charge,
the resulting anions of the tetraphosphacubanes are highly
delocalized and stable. The delocalization of charge is more
extensive in the oxide (with all P and O atoms gaining charge in
the anion) than in the sulfide (where only S gains electrons),
leading to the exceptionally stable oxide conjugate base. These
compounds should act as strong acids, but we are unaware of
any experimental studies of this activity.
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Supporting Information Available: A listing of optimized geom-
etries (xyz coordinates), energies, and ZPEIfe and 1A—3A at HF/
6-31+G* and MP2/6-3%G* (6 pages, print/PDF). See any current
masthead page for ordering information and Web access instructions.
These are also available on the web at http://www.chem.niu.edu/SMB/.

JA974263D

(20) Davidson, J. A.; Fehsenfeld, F. C.; Howard, And.J. Chem. Kinet.
1977, 9, 17.

(21) Reed, A. E.; Weinstock, R. B.; Weinhold, ¥. Chem. Phys1985
83, 735

(22) Reed A. E.; Curtis, L. A.; Weinhold, Ehem. Re. 1988 88, 899~
926.

(23) Bachrach, S. MJ. Comput. Chenil989 10, 392—-406.



