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and the formation of bent bonds) and the related in-
creases in energy. The small ring propellanes carry
bond angle deformation to an extreme and lead to new
types of reactions that have not been observed with
mono- or bicyclic small ring systems. The remarkable
stability of [1.1.1]propellane again shows the impor-
tance of driving force for a particular reaction vs. the
overall strain energy. Further studies of these com-

pounds should give chemists a much better under-
standing of the nature of carbon-carbon bonds.

I am indebted to my co-workers, whose names appear in the
references, for their contributions to our studies of small ring
chemistry. I should like to acknowledge the valuable collabo-
ration with Prof. J. Michl in the preparation of some of the
propellanes. The investigations were supported by grants from
the National Science Foundation.
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With the advent of modern structural techniques,
compounds that were thought to possess P=P! or
Si==Si? bonds have been shown subsequently to be
cyclic oligomers.? As a consequence of these and allied
observations, the consensus developed that compounds
featuring (p-p)=-bonds between the heavier main-group
elements would not be stable. such a view is often
referred to as “the double-bond rule”. Significant
progress in the area was not forthcoming until 1965,
when Gusel’nikov et al.* developed a methodology for
the production of transient silaethenes. Since then,
evidence for numerous other ephemeral species with
implied double bonds between silicon and phosphorus
atoms has been presented.” However, the isolation and
characterization of stable compounds of this genre is
a much more recent accomplishment and represents the
subject matter of this Account.

Thermodynamic and Kinetic Factors

The basic difficulty underlying the isolation of com-
pounds with multiple bonding between heavier main-
group elements is thermodynamic. Consider the fol-
lowing representative bond energy data (kcal/mol) for
single and multiple bonds:®* N—N (39), N=N (100.1),
N==N (225.8), P—P (48), P=P (74), P=P (117). Two
trends are evident: (i) the relative increase in bond
energy with bond order is much greater for the first-row
element than for the heavier congener, and (ii) for the
heavier main-group elements, it is more favorable to
form two o-bonds than one ¢- and one w-bond. As a
consequence, species of empirical composition RP or
R,Si usually exist as cyclic oligomers like 1 and 2 rather
T R\si/
R\P/P\P/R §>s“1/ \siig

R PPy

R

| S ;—R
R/Sl\ /Sl\R
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than as diphosphenes (RP=PR) or disilenes (R,Si=
SiR,). One obvious way to thwart the oligomerization
tendency of the doubly bonded compounds is by in-
creasing the steric demands of the substituents, R.
Although the stabilization of diphosphenes or disilenes
by steric blockades might be thought of as primarily
kinetic, it should be borne in mind that some of the
stabilization is thermodynamic in origin since the steric
interactions among the bulky groups are less in di-
phosphenes or disilenes than in the corresponding cyclic
species. Another approach to double-bond formation
is to take advantage of the enhanced stability of lower
coordination numbers with increasing atomic
number—the so-called “inert s-pair effect”.

Group 4A Compounds. The group 4A alkyls,
[(Me;Si);,CH],E, E = Ge, Sn, and Pb, were prepared by
Lappert and co-workers several years ago.” All com-
pounds are monomeric in the vapor phase and exhibit
the anticipated V-shaped structures. However, in the
solid state, the tin and germanium compounds are di-
meric and feature bonding between the E atoms, viz.,
[(MesSi);,CHL,EE[CH(SiMe;),], (E = Ge (3) and Sn (4).
As will be discussed in a subsequent section, questions
have arisen regarding the exact nature of the central
bond. Nevertheless, these compounds represent the
first examples of stable compounds involving homonu-
clear double bonding between the heavier group 4A or
5A elements.

The first stable disilene, (Mes),Si=Si(Mes), (5) (Mes
= 2,4,6-Me;C¢H,), was prepared by West et al.? via the

(1) Kéhler, H.; Michaelis, A. Ber. Dtsch. Chem. Ges. 1877, 10, 807.

(2) Kipping, F. S. Proc. Chem. Soc. 1911, 27, 143.

(8) For X-ray data, see e.g. {a) Daly, J. J. J. Chem. Soc. 1965, 4789.
(b) Hedberg, K.; Hughes, E. W.; Waser, J. Acta Crystallogr. 1961, 14, 369.

(4) Gusel'nikov, L. E.; Nametkin, N. S.; Vdovin, V. M. Acc. Chem. Res.
1975, 8, 18 and references therein.

(5) For a review, see (e.g.) Gaspar, P. P. “Reactive Intermediates”,
Jones, M,, Moss, R. S, Eds.; Wiley: New York, 1978; Vol. 1, Chapter 7.

(6) Data from the following: (a) Cottrell, T. L. “The Strengths of
Chemical Bonds”, 2nd ed.; Butterworths: London, 1958. (b) Fehiner, T.
P. J. Am. Chem. Soc. 19886, 88, 1819.

(7) (a) Goldberg, D. E.; Harris, D. H.; Lappert, M. F.; Thomas, K. M.
J. Chem. Soc., Chem. Commun. 1976, 261. (b) Davidson, P. J.; Harris,
D. H,; Lappert, M. F. J. Chem. Soc., Dalton Trans. 1976, 2268. (c)
Fjeldberg, T.; Lappert, M. F.; Schilling, B. E. R.; Seip, R.; Thorne, A. J.
J. Chem. Soc., Chem. Commun. 1982, 1407.
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photochemical elimination of MegSi, from (Mes),Si-
(SiMey),. Disilene 5, which survives brief heating to 160
°C, is presumably formed by dimerization of the silylene
(Mes),Si since the latter can be matrix isolated at low
temperatures, Subsequently, the photochemical route
has been used® to prepare cis/trans disilene isomers,
(Mes)(R)Si=Si(R)(Mes), R = ¢-Bu, (Me;Si),N, and
Boudjouk et al.'° have discovered that 5 can be prepard
from (Mes),SiCl, either electrochemically or sono-
chemically (although this claim has been recently dis-
puted!!). Immediately following the work of West et
al. Masamune et al.!? described the following disilene
and digermene syntheses:

N7
Ar cl E Ar Ar

~ * Nap~ ~
e L Nepy A / \ A by, p—
~N E E v N
Ar cL / N Ar Ar
Ar’ Ar

E=Si, Ge; Ar = 2,6-R2C6H3; R = Me, Et

The above methodology has also been employed for the
synthesis of less stable peralkylated disilenes, R,Si=
SiR,, R = t-BuCH,,'% {-Pr,'% and Et,CH."* The t-Bu
analogue can also be formed as an unstable material.!!

Group 5A Compounds. Recognizing the stoichiom-
etries of a disilene and a diphosphene, it is clear that
stabilization of the latter requires somewhat bulkier
substituents. Two particularly useful groups in this
regard are 2,4,6-(t-Bu);CgH,; and (Me;Si);C. Thus, the
first arylated diphosphene, 6, was prepared by Yoshifuji
et al.l® This development was followed by the synthesis
of the first alkylated diphosphene, 7, by our group'é and

Measi
Me Si-—C
@\‘ Me351 N N /SiMe3
C—-SiMe
AN 3

SiMe3

Escudié and co-workers.l” Both 6 and 7 were prepared
by reductive coupling of the respective dichlorides.
However, the 3P NMR chemical shifts reported ini-
tially for 6 (-59 ppm)*® and 7 (+599.6 ppm)'®17 were
strikingly different. The unanticipated upfield 3'P
chemical shift for 6 prompted the curiosity of several
workers!® who noted that the value for 6 was erroneous

(8) West, R.; Fink, M. J.; Michl, J. Science (Washington, D.C.) 1981,
214, 1343.

(9) Michalczyk, M. J.; West, R.; Michl, J. J. Am. Chem. Soc. 1984, 106,
821

(10) Boudjouk, P.; Han, B.-H.; Anderson, K. R. J. Am. Chem. Soc.
1982, 104, 4992.

(11) Masamune, S.; Murakami, S.; Tobita, H. Organometallics 1983,
2, 1464,

(12) (a) Masamune, S.; Hanzawa, Y.; Murakami, S.; Bally, T.; Blount,
J. F. J. Am. Chem. Soc. 1982, 104, 1150. (b) Masamune, S.; Hanzawa,
Y.; Williams, D. J. Ibid. 1982, 104, 6136. (c) Masamune, S.; Murakami,
S.; Snow, J. T.; Tobita, H. Organometallics 1984, 3, 333.

(18) (a) Watanabe, H.; Okawa, T.; Kato, M.; Nagali, J. J. Chem. Soc.,
Chem. Commun. 1982, 781. (b) Watanabe, H.; Kougo, Y.; Nagai, Y. Ibid.
1984, 66.

(14) Masamune, S.; Tobita, H.; Murakami, S. J. Am. Chem. Soc. 1983,
105, 6524,

(15) Yoshifuji, M.; Shima, L; Inamoto, N.; Hirotsu, K.; Higuchi, T. J.
Am. Chem. Soc. 1981, 103, 4587.

(16) Cowley, A. H.; Kilduff, J. E.; Newman, T. H.; Pakulski, M. J. Am.
Chem. Soc. 1982, 104, 5820.

(17) (a) Couret, C.; Escudié, J.; Satgé, J. Tetrahedron Lett. 1982, 23,
494LC (b) Jaud, J.; Couret, C.; Escudig, J. J. Organometal. Chem. 1983,
249, C25.
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and should, in fact, be +494 ppm. Furthermore, our
reinvestigation of the reaction of (2,4,6-(¢-Bu);CeH,)-
PCl, with Mg in THF revealed that it is not straight-
forward and yields 8 and 9 in addition to 6.1° Improved
syntheses of 6 have now been developed.!®

/H
PP
2 yo! -
s 2

As indicated below, base-promoted dehydrochlo-
rination represents an alternative strategy for di-
phosphene synthesis.2

i AEM e e sme N(ite,)y

P—P _— Domancp

/!
(Me451) N 10
Csg
d\rmm(simz)z
P

AN

N(51M33)2

7
(Me,51),N c1

1

As a consequence of the modest bulk of the (Me;Si),N
moiety, 10 dimerizes readily at ambient temperature;
accordingly, it is best stored as the thermally dissociable
cyclopentadiene adduct 11. Other amido-substituted
diphosphenes have been prepared subsequently by a
similar approach.?

The first unsymmetrically substituted diphosphene,
2,4,6-t-BusCeH,P=PC(SiMey); (15), was synthesized by
reductive coupling of mixtures of (Me;Si);CPCl, and
(2,4,6-(t-Bu)sC¢H,y)PCly.?? The unsymmetrical di-
phosphene is appreciably less stable than the corre-
sponding symmetrical compounds. Furthermore, the
yields of 15 were only modest; hence a new unsymme-
trical diphosphene synthesis was sought. Base-pro-
moted dehydrochlorination of a mixture of
(Me3Si);CPCl, and (2,4,6-(t-Bu);CeH,y)PH, resulted
somewhat surprisingly in 16 rather than 1522 Pre-

C'H(S:’LMe3)2
P li, P
18, E==Sb
sumably, 16 is formed by Cl™ attack of a MesSi group
of 15 followed by protonation of the resulting carbanion.

Three other research groups have also reported syn-
thesis of unsymmetrical diphosphenes.?!?*

(18) (a) Bertrand, G.; Couret, C.; Escudis, J.; Majid, S.; Majoral, J.-P.
Tetrahedron Lett. 1982, 3567. (b) Veith, M.; Huch, V.; Majoral, J.-P.;
Bertrand, G.; Manuel, G. Ibid. 1988, 4219. (c) Cetinkaya, B.; Hitchcock,
P. B,; Lappert, M. F.; Thorne, A. J.; Goldwhite, H. J. Chem. Soc., Chem.
Commun. 1982, 691. (d) The error was also corrected by the original
authors: Yoshifuji, M.; Shima, I.; Inamoto, K.; Hirotsu, K.; Higuchi, T.
J. Am. Chem. Soc. 1982, 104, 6167.

(19) Cowley, A. H.; Kilduff, J. E.; Lasch, J. G.; Mehrotra, S. K.; Nor-
man, N. C.; Pakulski, M.; Whittlesey, B. R.; Atwood, J. L.; Hunter, W.
E. Inorg. Chem., 1984, 23, 2582.

(20) Niecke, E.; Riger, R. Angew. Chem., Int. Ed. Engl. 1983, 22, 155.

(21) Niecke, E.; Rager, R.; Lysek, M.; Pohl, S.; Schoeller, W. Angew.
Chem., Int. Ed. Engl. 19883, 22, 486.

(22) Cowley, A. H.; Kilduff, J. E.; Pakulski, M.; Stewart, C. A. J. Am.
Chem. Soc. 1983, 105, 1655.

(23) Cowley, A. H,; Kilduff, J. E.; Mehrotra, S. K,; Norman, N. C,;
Pakulski, M. J. Chem. Soc., Chem. Commun. 1983, 520.
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Table 1.
Summary of Structural Data for Double-Bonded Compounds of Groups 4A and 5A
R sum of
B R double EE/
R'} - R bond single %
R RER bond REE’ bond 82 ¢ EE bond covalent bond short-

angles, deg angles, deg deg deg lengths, A radii, A lengths, A ening ref
(2,4,6-Me;CoH,),Si==8i(2,4,6-Me,CoH,), 1155 113.9, 126.9 18 5 2160 2.14 2.32¢ 8 28a
(2,6-Et,CeH3),Si=S8i(2,6-Et,CcHy), 117.6 (2) 117.6 (2), 0 10 2.133 (3) 2.14 2.32¢ 9.2 12¢

124.8 (2)
trans-(t-Bu)(2,4,6-MeyCeH,) Si==8i- 113.2 (1) 123.86 (8), 0 0 2.143 2.14 2.32¢ 88 23b,c
(¢-Bu)(2,4,6-Me,CH,) 122.77 (8)
((Me;8i),CH),Ge=Ge{CH(Me;Si),), 112.5 (3) 113.7 (3), 32 0 2.347 (2) 2.24 2.44° 4 30
122.3 (2)
({(Me;Si),CH),Sn=8n(CH(SiMe3),), 112 (av) 115 (av) 41 0 2.764 (2) 2.60 2.81¢ 2 7
R' sum of EE’
E:E'/ double bond single %
R/ REE’ and R'E’E EE’ bond covalent bond short-
bond angles, deg lengths, A radii, A lengths, A ening ref

(2,4,6-(t-Bu),CeHy)P—=P(2,4,6-(t-Bu)yCeH,) 1028 (1) 2.034 (2) 2.00 2.91° 8 15
(Me,Si);CP=PC(SiMe,); 108.2 (4), 1089 (4)¢  2.014 (6), 2.004 (6)° 2.00 2.21¢ 9 33, 17b
(Me;Si)(t-Bu)NP=PN(t-Bu)(SiMejg) 102.2 2.034 2.00 2.21¢ 8 21
(2,4,6-(t-Bu)CeH,)P=AsCH(SiMey), 96.4 (2), 101.2 (2) 2.124 (2) 2.11 2.32-2.36¢ 9-10 25
(2,4,6-(t-Bu)3CeH,) As==AsCH(SiMe;), 93.6 (3), 99.9 (3) 2.224 (2) 2.22 2.43-2.46/ 9-10 26
(Me;8i);CAs=AsC(SiMe;); 106.2 (2), 106.4 (2)¢  2.243 (1), 2.245 (1)° 2.22 2.43-2.46/  9-10 ¢

3§, the fold angle, is the angle between the RER or R’ER’ plane and the EE’ axis. b¢, the twist angle, is the angle between the RER and R'ER’

planes (along the EE’ axis).

¢“Tables of Interatomic Distances and Configuration in Molecules and Ions”; Chemical Society: London; Spec.

Publ.~Chem. Soc. 11 and 18, 1958 and 1965, respectively. ¢Two crystallographically independent molecules per unit cell. ¢Sheldrick, W. S. Acta
Crystallogr., Sect. B 1975, B31, 1789. Baudler, M.; Aktalay, Y.; Heinlein, T.; Tebbe, K.-F. Z. Naturforsch. B 1982, B37, 299. fRheingold, A. L.;
Sullivan, P. J. Organometallics 1983, 2, 327. ¢Cowley, A. H.; Norman, N. C.; Pakulski, M. J. Chem. Soc., Daiton Trans., in press.

It was recognized that the dehydrochlorination ap-
proach might make available compounds with hetero-
nuclear double bonding. Thus, the reaction of (2,4,6-
(t-Bu)sC¢Ho)PH, with (Me;Si);CHAsCl, in THF in the
presence of DBU (1,5-diazabicyclo[5.4.0]Jundec-5-ene)
afforded phosphaarsene 17, a stable organe crystalline
solid.? An analogous reaction with (Me;Si),CHSbCl,
afforded 18, the first example of a phosphorus—anti-
mony double bond.?5 However, phosphastibene 18 is
less stable than 16 or 17 and decomposes in solution to
diphosphene 6. Attempts to prepare a phosphabis-
muthene by this route have not been successful.

The stability of 17 and the observation of 18
prompted us to attempt the synthesis of a diarsene.
Our initial approach to this objective was frustrated by
the fact that the reaction of 2,4,6-(¢t-Bu);CgH,Li with
AsCl; results in heterocycle formation rather than the
desired dichloroarsine.? However, the analogous di-
fluoroarsine (2,4,6-(t-Bu)3CgH,)AsF, is stable and can
be reduced to (2,4,6-(¢t-Bu)C¢H,)AsH, by standard
methods. In turn, the DBU-promoted reaction of the
latter with (Me;Si);CHAsCl, afforded the orange,
crystalline diarsene, (2,4,6-(t-Bu);CgH;)As=AsCH-
(SiMe;), (19) in good yields. Independent of our work,
French workers?” have reported the synthesis of
(Me;Si);CAs=—AsC(SiMe;); and the corresponding
phosphaarsene via t-BuLi-induced coupling of the re-
spective dichlorides.

(24) (a) Yoshifuji, M.; Shibayama, K.; Inamoto, N.; Matsushita, T.;
Nishimoto, K. J. Am. Chem. Soc. 1983, 105, 2495. (b) Hamaguchi, H.;
Tasumi, M.; Yoshifuji, M.; Hashida, T.; Inamoto, N. Chem. Lett. 1984,
463. (c) Smit, C. N.; Van der Knapp, A.; Bickelhaupt, F. Tetrahedron
Lett. 1983, 24, 203.

(25) Cowley, A. H.; Lasch, J. G.,; Norman, N. C.; Pakulski, M.;
Whittlesey, B. R. J. Chem. Soc., Chem. Commun. 1983, 881.

(26) Cowley, A. H.; Lasch, J. G.; Norman, N. C.; Pakulski, M. J. Am.
Chem. Soc. 1983, 103, 5508,

(27) (a) Couret, C.; Escudié, J.; Madaule, Y.; Ranaivonjatovo, H.; Wolf,

J.-G. Tetrahedron Lett. 1983, 24, 2669. (b) Escudié, J.; Couret, C.; Ra-
naivonjatovo, H.; Wolf, J.-G. Ibid. 1983, 24, 3625.

Structural Information

The available structural data for the double-bonded
compounds of group 4A and 5A have been assembled
in Table I. One obvious feature in group 4A is that the
trans-bent conformation is favored progressively as the
group is descended. This trend is apparent from in-
creases in 6, the fold angle. The increasing pyramidality
is further evident from the diminishing sums of bond
angles at the heteroatom. Increased pyramidality is
accompanied by a relative elongation of the E=E’ bond.
Thus, the silicon-silicon bond length in (Mes),Si, is
~7% shorter than that of a typical silicon-silicon single
bond.?? However, the percent shortening diminishes
rapidly with the heavier congeners. The disilene bond
lengths are close to the sum of Pauling’s double-bond
covalent radii,”® but, as expected from the foregoing
discussion, the E=E’ bond lengths for
[(Measi)2CH]4Gez and [(Me3Si)ZCH]4Sn2 are consider-
ably in excess of the respective sums of double-bond
covalent radii. Interestingly, [(Me;Si)oN1,Sn, [4-Me-
2 6'(t Bu)QCGHQO]ZSB and [2 4 6-(t Bu)gcsHQO]zsn are
monomeric in the solid state.3%-32

All the group 5A compounds adopt a trans structure,
and in each case the R—E=E’'—R’ skeleton is planar
within experimental error. Comparing the R-P-P bond
angles of the diphosphenes, one notices that those of

(28) (a) Fink, M. J.; Michalezyk, M. J.; Haller, K. J.; West, R.; Michl,
d. J. Chem. Soc., Chem. Commun. 1983, 1010. (b) Fink, M. J.; Mi-
chalczyk, J.; Haller, K. J.; West, R.; Michl, d. Organometallics 1984, 3,
793. (c) West, R. Pure Appl. Chem. 1984, 56, 163.

(29) Pauling, L. “The Nature of the Chemical Bond”, 3rd ed.; Cornell
University Press, Ithaca, NY, 1960.

(30) Hitchcock, P. B.; Lappert, M. F.; Miles, S. J.; Thorne, A. J. J.
Chem. Soc., Chem. Commun. 1984, 480.

(31) Fjeldberg, T.; Hope, H.; Lappert, M. F.; Power, P. P.; Thorne, A.
J. J. Chem. Soc., Chem. Commun. 1983, 639.

(32) (a) Cetinkaya, B.; Gumritkeq, 1.; Lappert, M. F.; Atwood, J. L;;
Rogers, R. D.; Zarawotko, M. J. J. Am. Chem. Soc. 1980, 102, 2088. (b)
Hitchocock, P. B.; Lappert, M. F.; Samways, B. J.; Weinberg, E. L. J.
Chem. Soc., Chem. Commun. 1983, 1492,
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7 are ~6° larger than the other two. this structural
feature is due to the extraordinary bulk of the
(MegSi)sC moiety. Obviously, pyramidality has no
meaning fro the group 5A compounds. Nevertheless,
it is clear that the R-E-E’ and R’-E’-E bond angles
decrease with increasing atomic number of the hetero-
atom. In contrast to group 4A, however, the E=F’
bond length exhibits a fairly consistent shortening in
relation to corresponding single bond lengths. Fur-
thermore, there is a remarkably good agreement be-
tween all observed E=E’ bond lengths and those com-
puted by summation of the respective double-bond
covalent radii.

Are They Really Double Bonds?

The significant nonplanarity of the digermene and
distanene, coupled with the fact that the Ge—Ge and
Sn-Sn bond distances for these compounds are close
to those of the corresponding single bonds, led Pauling
to imply that these compounds do not possess double
bonds.®* Pauling postulated a stannylene dimer, 20a,b,
in which a donor-acceptor bond is formed by interac-
tion of a lone pair of one stannylene with a vacant or-
bital of the other. Resonance between 20a and 20b then
results in delocalization of the lone pair and an esti-

@ ©
=

20a 20b

\@ @,

Sn—>©8n

mated bond order of 1.1. Interestingly, this valence-
bond description was suggested several years earlier by
Lappert et al.”? In addition, these authors postulated
an alternative structure, 21, which is formed by pairwise
overlap of the occupied sp,p, “lone pair” orbital of one
stannylene unit with the vacant p, orbital of the other.

&O7 Qe
e o\

A PMO argument can also be used to explain the
structural trends observed form the group 4A com-
pounds. The argument is similar to that used to explain
the trends in pyramidal inversion barriers of RsE com-
pounds.®® In a planar E,H, molecule the 7(b,,) and
o*(b3,) orbitals are orthogonal and cannot mix. How-
ever, upon trans bending of the structure, these two
orbitals begin to interact and the stabilization energy
(SE) which results from this interaction is

_ n(Yp, JHIs,, )2
- AE

where n is the number of electrons involved. The en-
ergy gap between the b, and by, MO’s, AE, decreases
as group 4A is descended, thus the trans-bent geometry
is progressively favored in agreement with the structural
data in Table I. Furthermore, since the bg, MO is a
g-antibonding, admixture of this MO with the HOMO

(33) (a) Cowley, A. H,; Kilduff, J. E.; Norman, N. C.; Pakulski, M.;
Atwood, J. L.; Hunter, W. E. J. Am. Chem. Soc. 1983, 105, 4845. (b)
Ranaivonjatovo, H.; Satgé, J. Phosphorus Sulfur 19883, 17, 221.

(34) Pauling, L. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 3871. See also:
Milgram, L. New Sci. 1983, 342.

(85) Cherry, W.; Epiotis, N.; Borden, W. T. Acc. Chem. Res. 1979, 10,
167.
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will result in a diminished bond order between the E
atoms as observed. The foregoing argument leads to
the conclusion that, in general, R,E; molecules are ex-
pected to be trans bent. Obviously, the antisymmetry
plane is lost upon bending of an R,E, molecule; hence
in a traditional sense the 7-bond is lost. However, it
should be recalled that nonplanar organic 7-systems are
known. Furthermore, it seems more consistent to
consider a compound like [(MegSi);CH],Sn, as a dis-
tannene rather than a bis(stannylene) even though the
bond order between the tin atoms is considerably less
than two.

Potential #-donor substituents are expected to have
a profound effect on the E-E x-bond. Consider, for
example, a planar group 4A molecule, (R,N),E=E-
(NRy);. The nitrogen lone-pair orbitals can be arranged
parallel or perpendicular to the molecular plane. With
a perpendicular arrangement, the N(2p) lone pair AQ’s
transform as by, bs,, a,, and b;,; hence a four-electron
destabilizing interaction can take place between the by,
combination and the HOMO which destabilizes the
latter and weakens the E=E bond. In the case of Ge
and Sn this is enough to prevent dimerization when the
substituents are (Me;Si),N. However, in the case of
silicon, attachment of one (Me4Si),N substituent does
not prevent dimerization. Nevertheless the 7w-bond of
(Mes)(Me3Si),NSiSiN(SiMe;),(Mes) appears to be
weaker than the ¢t-Bu analogue as evidenced by the
lower barrier for cis—trans interconversion.” Similar
arguments to the foregoing presumably apply to other
w-donor substituents like RO and RS.

Molecular Orbital Calculations

In agreement with the above qualitative arguments
and the general trends in pyramidal inversion barriers,
MO calculations on the group 4A molecules E,H, (E =
C, Si, Ge, and Sn)73 revealed progressive favoring of
the trans-bent structure with increasing atomic number.
Disilene has, however, been investigated much more
extensively than the heavier molecules. Early semi-
empirical and ab initio studies assumed or predicted a
planar geometry for disilene.’” However, using a 4-31G
basis set, Snyder and Wasserman® concluded that the
silylsilylene structure, 22, represents the global mini-
mum.¥® Structure 22 also emerged as the global min-

imum in a Hartree-Fock study by Poirier and God-
dard;* however, when correlation energy contributions
were included, the relative stabilities of the disilene and
silylsilylene structures were reversed. A similar con-

(36) Trinquier, G.; Malrieu, J.-P.; Riviére, P. J. Am. Chem. Soc. 1982,
104, 4529.

(37) (a) Curtis, M. D. J. Organometal. Chem. 1973, 60, 63. (b) Dewar,
M. J. 8.; Lo, D. H.; Ramsden, C. A. J. Am. Chem. Soc. 1975, 97, 1311. (c)
Blustin, P. H. J. Organometal. Chem. 1976, 105, 161. (d) Daudel, R.;
Kari, R. E.; Poirier, R. A.; Goddard, J. D.; Csizmadia, I. G. J. Mol. Struct.
1978, 50, 115, (e) Roelandt, F. F.; Van de Vandel, D. F.; Van der Kelen,
G. P. J. Organometal. Chem. 1979, 165, 151.

(38) Snyder, L. C.; Wasserman, Z. R. J. Am. Chem. Soc. 1979, 101,
5222

(3'9) This species has been postulated as an intermediate in the pyro-
lysis of trisilane: Sefcik, M. D.; Ring, M. A. J. Am. Chem. Soc. 1973, 95,
5168.

(40) Poirier, R. A.; Goddard, J. D. Chem. Phys. Lett. 1981, 80, 37.
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clusion has been reached by Krogh-Jespersen;! viz.,
when correlation energy corrections are included, the
trans-bent structure is the global minimum. Sensitivity
of the results to basis-set size has also been demon-
strated.*?

Ab initio MO calculations on P,H, indicate that the
trans conformation is favored over the cis by 3-5
keal/mol regardless of the size of the basis set.2*4 The
sequencing of the first two occupied MO’s (the phos-
phorus lone pair combination, n,, and the P-P #-bond)
depends on (i) the conformation and (ii) the calcula-
tional method. Electronic spectral data on substituted
diphosphenes (and heavier congeners) tend to support
the view that the HOMO is the phosphorus lone pair
combination.

Comments on Spectroscopic Properties

The 3P NMR chemical shifts of diphosphenes,
phosphaarsenes, and phosphastibenes fall in the range
+500-670 ppm and are thus among the largest chemical
shifts reported for this nucleus. When measurable, the
one-bond lJpp coupling constants are also unusually
large (~550-650 Hz). These trends parallel, although
they are greater than, those observed in *C NMR
spectroscopy. The #*Si NMR chemical shifts of di-
silenes are also deshielded (~50-90 ppm) with respect
to saturated analogues. The reason for the observed
deshielding of the double-bonded compounds is pre-
sumably due to the increased importance of the para-
magnetic terms, op, on account of the existence of low-
lying excited states. The enhanced Jpp values for di-
phosphenes are attributable to increases in the Fermi
contact term resulting from changes in valence s char-
acter of the phosphorus atoms.

At this point rather few vibrational spectroscopic data
are available. However, vpp falls in the range 610-624
cm™1 24804445 angd the vgg; for 5 is 529 cm™1.8%¢ Ag ex-
pected, these values exceed those for analogous single-
bonded species. A Raman band at 300 cm™ has been
assigned t0 vgege '

Reactivity Studies. In some respects, disilenes
behave like typical alkenes, particularly in regard to
addition reactions (Scheme I). For example, 5 reacts
with Cl, (in CgHg)*¢ and HCI to give the anticipated
addition products 23 and 24, respectively.*’ Likewise,
tetrakis(2,6-dimethylphenyl)disilene reacts with Br, to
afford the corresponding 1,2-dibromosilane.!?® Steric
effects play an obvious role in disilene chemistry since
while 5 undergoes cycloaddition with PhC=CH to
produce 25, it fails to react with more hindered dienes
such as 2,3-dimethyl-1,3-butadiene.*’” On the other
hand, less bulky alkylated disilenes react with this diene
to afford 26 and 27.141¢ The arylated disilenes also react
with PhN; and CH,N;, to afford the corresponding di-
silazirdine?® and disilacyclopropane,*® respectively.

(41) Krogh-Jespersen, K. J. Phys. Chem. 1982, 86, 1492.

(42) Lischka, H.; Koehler, H.-J. Chem. Phys. Lett. 1982, 85, 467.

(43) (a) Lee, J.-G.; Cowley, A. H.; Boggs, J. E. Inorg. Chem. Acta 1983,
77, (b) Galasso, V. Chem. Phys. 1984, 83, 407.

(44) Yoshifuji, M.; Shibayama, K.; Inamoto, N.; Hirotsu, K.; Higuchi,
J. J. Chem. Soc., Chem. Commun. 1983, 862.

(45) Hamaguchi, H.; Tasumi, M.; Yoshifuji, M.; Inamoto, N. J. Am.
Chem. Soc. 1984, 106, 508.

(46) If the chlorination is done in alkane solvents, HCl addition occurs,
presumably via a radical-chain process.

(47) Fink, M. J.; De Young, D. J.; West, R.; Michl, J. J. Am. Chem.
Soc. 1983, 105, 1070.

(48) Masamune, S.; Murakami, S.; Tobita, H.; Williams, D. J. J. Am.
Chem. Soc. 1983, 105, 7776.
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One facet of the chemistry that differentiates alkenes
from their heavier congeners is oxophilicity. Thus,
disilenes and digermenes react readily with alcohols and
water via addition across the E=E bond (28). Likewise,
5 reacts readily with O,, acetone, and benzil to afford
cyclic products 29, 30, and 31, respectively (Scheme
). 2804749

Given that diphosphenes and heavier congeners
possess two lone pairs of electrons in addition to the
double bond, it is anticipated that these compounds will
be reactive toward electrophiles. This is indeed in the
case. For example, careful treatment of 7 with HCl or
Cl; results in addition across the phosphorus—phos-
phorus double bond in a manner reminiscent of an
alkene.®® In general, however, the reactivity of 7 is not

C(SiMe,) X
J 373 XC1 AN
Pam=p —_— P—7P
7 ~N
(Me351)3C Ccl

/C(SiMe3)3

(Me3Si) 3C/

7 X = H, CL

—

high due to the steric demands of the (Me;Si);C groups.
The arylated diphosphene 6 is much less sterically en-
cumbered and for this reason has been used more ex-
tensively for reactivity studies. Protonation of 6 with
HBF OEt, results eventually in complete cleavage of
the P=P bond (as does halogenation®). However, at
~78 °C it is possible to detect phosphonium salt 32 by
NMR (Scheme 11).3% It is believed that initial pro-
tonation of 7 forms 33, which is an electron-deficient
phosphenium ion. Like other highly electrophilic

species (vide infra), this cationic center inserts into a
C-H bond of an o-t-Bu group by an intramolecular
oxidative addition. Reaction of 6 with Ag* or Et;PAu*,
which are isolobal with H*, affords the novel cations
34-36.5"

Oxidation of 6 with m-chloroperbenzoic acid is be-
lieved to yield diphosphosphene monoxide 37 as the
initial product.’> On the other hand, photolytic oxi-
dation of 6 results in the bicyclic compounds 38 and
39.58 In turn, these products may arise from intra-
molecular C-H insertion reactions of 40 and 41, re-
spectively. Some support for this interpretation is
provided by the fact that flash vacuum pyrolysis (FVP)
of 42 results in 39.5

(49) Fink, M. J.; Haller, K. J.; West, R.; Michl, J. J. Am. Chem. Soc.
1984, 106, 822.

(50) Yoshifuji, M.; Shima, I.; Shibayama, K.; Inamoto, N. Tetrahedron
Lett. 1984, 25, 411.

(51) Cowley, A. H.; Norman, N. C.; Pakulski, M. J. Chem. Soc., Chem.
Commun. 1984, 1054.

(52) Yoshifuji, M.; Ando, K.; Toyota, K.; Shima, I.; Inamoto, N. J.
Chem. Soc., Chem. Commun. 1983, 419. Compound 37 can be prepared
by an independent route.

(53) Cadogan, J. I. G.; Cowley, A. H.; Gosney, I.; Pakulski, M.; Yaslek,
S. J. Chem. Soc., Chem. Commun. 1983, 1408,
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As expected, treatment of 6 with 1 equiv of sulfur
results in 43, the thio analogue of 87.# Interestingly,
thermolysis or photolysis converts 43 to the corre-
sponding episulfide 44. Other episulfides have been
formed by thiation of other diphosphenes,?%% a
phosphaarsene, and a diarsene.?’” Excess sulfur, how-
ever, leads to complete P=P cleavage and formation
of the thio analogue of 89.5 Further evidence of the
reactivity of diphosphenes toward electrophiles is pro-
vided by the fact that 6 reacts with ¢-BuO- and ¢-BuS-
radicals to form novel phosphinyl radicals 45 and 46.5
So far, the only example of the reactivity of a di-
phosphene toward C=C or C==C bonds is provided by
the reaction of 10 with cyclopentadiene to form 11.%

Cyclic voltammetric studies in our laboratory and
elsewherel® revealed that diphosphenes possess a rel-
atively accessible LUMO [E; ), = -1.74 V (6),-1.70 V
(7)]. This observation, along with MO calculations on
the model diphosphene, trans-HPPH,* led us to sur-
mise that the P=P bond should be susceptible to nu-
cleophilic attack. Indeed, 6 reacts readily with an
equimolar quantity of MeLi at —78 °C to form the deep
red anion, 47.5% Quenching of the latter with MeOH
produces diphosphine 48, which can be regarded as the
product of adding CH, across the phosphorus—-phos-
phorus double bond. It has also been discovered that
6 is reactive toward other nucleophiles such as n-Bu~
and H- resulting in Ar(H)P-P(Ar)(n-Bu) and Ar(H)P-
P(H)(Ar), respectively.® When, however, the nucleo-
phile becomes extremely large, as in the case of na-
phthalenide,’® reaction with 6 generates the corre-
sponding anion radical, [ArPPAr] ™~ via electron transfer.
In turn, this observation suggests that nucleophilic
attack of 6 may proceed by initial electron transfer.

Coordination Chemistry. Thus far, there have been
no reports of group 4A compounds functioning as intact
ligands. Diphosphenes and their heavier congeners are
expected to exhibit the following modes of coordination:

ML R LM R

i E E/ i RE E/

.amR Y R Y
- F—E " L e L
n n

Type 1 Type II Type IIT

All three types of coordination behavior, combinations
thereof, and the incorporation of diphosphenes into
metal clusters have now been achieved. Type I coor-
dination was, in fact, the first to be recognized. The
diarsene complex 49, for example, resulted from
cleavage of the cyclotetraarsene (C¢F;As), with Fe(C-
0);.5" This was followed by the synthesis of 50 from
reaction of (CsH;);MoH, with elemental phosphorus,

(54) Cowley, A. H.; Pakulski, M. Tetrahedron Lett. 1984, 25, 2125.

(55) Cetinkaya, B.; Hudson, A.; Lappert, M. F.; Goldwhite, H. J.
Chem. Soc., Chem. Commun. 1982, 609.

(56) (a) Cowley, A. H.; Pakulski, M. J. Am. Chem. Soc. 1984, 106, 1491.
(b) Yoshifuji, M.; Shibayama, K.; Inamoto, N. Chem. Lett. 1984, 115.

(57) Elmes, P. S.; Leverett, P.; West, B. O. J. Chem. Soc., Chem.
Commun. 1971, 747.
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a development of special interest since it is a complex
of the parent diphosphene.?® Other approaches to the
preparation of type I complexes include the decompo-
sition of labile bis(phosphido)nickel complexes®® and
the reaction of Pt or Pd dichlorides with the
[PhPPPh]? anion.®® In each of the type I complexes,
the ligand adopts a trans conformation, and as in the
case of n%-alkenes, the E-E bond lengths fall between
typical single- and double-bond values.

Provided the steric demands of the ligands are not
excessive, it is possible to achieve concomitant coor-
dination of additional organometallic moieties. Com-
pounds 518! and 52,52 which result from reaction of the
appropriate dihalides with organometallic dianions,
feature four- and six-electron donation, respectively, on
the part of the ligands. Six-electron donation has also

(€0), (co)s

Fe M
. / \P__.“o @5, . /—\'\E"‘\\Ph
7 “Nre(co) R 7 ~N

0 Ph (CO)5
5t 52

M=Cr, E=P,As; M=W, E=Sb
X

7I\1>//P

(c0) yFe Fe(C0),

33

been realized in the novel cluster derivative 53.8 Note
that 53 can be regarded as a complex of (¢t-BuP-
PtBu)?*[Fe,(CO)g)*. A higher degree of clusterification
has been observed recently by Power et al.? by treat-
ment of (Measi)chPC12 with NazNig(CO)IZ.

Having ligands with preformed double bonds at our
disposal, we realized that new modes of coordination
might be attainable. As expected, the results are highly
dependent on steric requirements. Thus, while 7 fails
to react with Ni(CO),, the less bulky aryl analogue 6
reacts readily with this carbonyl and Fe,(CO), to afford
54a,b, the first examples of type II complexes.® Vir-

CH(SiMe3)2

P-—P}?@ﬁ As—As/
M(co) .@ \c:.—(co>5

348 M=Ni, n=3 55

54b  M=Fe, n=4

(58) Green, J. C.; Green, M. L. H.; Morris, G. E. J. Chem. Soc., Chem.
Commun. 1974, 212, Cannillo, E.; Coda, A.; Prout, K,; Daran, J.-C. Acta
Crystallogr., Sect. 1977, B33, 2608.

(59) Deppisch, B. Schafer, H. Acta Crystallogr., Sect. B 1982, B38, 748.
Schifer, H. Z. Naturforsch. B 1979, 34B, 1358.

(60) Chatt, J.; Hitchcock, P. B.; Pidcock, A.; Warrens, C. P.; Dixon,
K. R. J. Chem. Soc., Chem. Commun. 1982, 932,

(61) Flynn, K. M.; Hope, H.; Murray, B.; Olmstead, M. M.; Power, P.
P. J. Am. Chem. Soc. 1983, 105, 7750.

(62) (a) Huttner, G.; Weber, U.; Sigwarth, B.; Scheidsteger, O. Angew.
Chem., Int. Ed. Engl. 1982, 21, 215. (b) Huttner, G.; Schmid, H.-G,;
Frank, A.; Orama, O. Ibid. 1976, 15, 234. (c¢) Borm, J.; Zsolnai, L.;
Huttner, G. Ibid. 1983, 22, 974,

(63) Vahrenkamp, H.; Wolters, D. Angew, Chem., Int. Ed. Engl. 1983,
22, 154.

(64) Olmstead, M. M.; Power, P. P. J. Am. Chem. Soc. 1984, 106, 1495.
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tually simultaneously, Power et al.% reported the syn-
thesis of (Me3Si),CH- or (Me3Si),N-substituted Cr(CO);
complexes with type II structures (55) from the reaction
of the appropriate phosphorus dichlorides with [Cr-
(CO);)%. Although 6 fails to react with THFCr(CO)s,
the less sterically encumbered diarsene 17 does react
with this reagent to produce 55.47 Yoshifuji and Ina-
moto® have found subsequently that 6 undergoes aryl

(65) (a) Cowley, A. H.; Kilduff, J. E.; Lasch, J. G.; Norman, N. C,;
Pakulski, M.; Ando, F.; Wright, T. C. J. Am. Chem. Soc. 1988, 105, 7751.
(b) Cowley, A. H.; Kilduff, J. E.; Lasch, J. G.; Norman, N. C.; Pakulski,
M.; Ando, F.; Wright, T. C. Organometallics 1984, 3, 1044.

(66) Flynn, K. M.; Hope, H.; Murray, B.; Olmstead, M. M.; Power, P.
P.J. Am. Chem. Soc. 1983, 105, 7750.

(67) Cowley, A. H.; Lasch, J. G.; Norman, N. C.; Pakulski, M. Angew.
Chem., Int. Ed. Engl. 1983, 22, 978,
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ring attack when treated with Cr(CO)¢ under forcing
conditions.

Finally, these examples of type III complexes, 56,
have been reported. Complexes 56a®® were prepared
via the reaction of the appropriate phosphorus di-
chloride with [Fe(CO)]* and 56b®* was produced by
thermolysis of 52 (M = Cr, E = P). It is clear from

LnM\P-P/R
R/ \KLn
,E.é:. Mln = Fe(CO)A, R = (MeSSL)ZCH, (MESSDZN;

56b mn = Cr(CO)S, R = Ph

X-ray crystallographic studies that in type II or type
IIT complexes, donation of the diphosphene or diarsene
lone pair(s) leaves the E=E distance essentially un-
changed.

Conclusions and Outlook

Double-bonded compounds of the heavier main-group
elements are less stable thermodynamically than the
corresponding o-bonded oligomers. However, the use
of sterically demanding substituents has permitted the
recent isolation of several double-bonded compounds
involving group 4A and 5A elements. Interestingly,
despite the requisite steric blockades, compounds such
as diphosphenes or disilenes exhibit a versatile reaction
chemistry. The group 5A compounds have also proved
to be useful ligands. Many new multiply bonded
main-group compounds await discovery. Another area
of great promise is the synthesis of compounds featuring
multiple bonding between main-group and transition
elements.
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