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Figure 3, Proposed model for the hydrogen encapsulate of Cs3NagA-type
zeolite (Csii* indicated; Na;* omitted).

100 —

C T T T T T T TTTT T3
C ]
_12 ™ -
[« . .
}—
1%
-
£ 10 3
N F n
> C Ej
I~ 7
| Lol Lo L
100 1000 10,000

Encapsulation Pressure,psi

Figure 4. Dependence of ¥y, upon the encapsulation pressure at 300 °C
(O, lower region; A, higher region of measurement).

ume of 155 A3, and each « cage, with a gross empty volume
of 775 A3, could admit a variable number of hydrogen mole-
cules depending on the encapsulation conditions. The change
in encapsulation capacity of Css4NaggA (Cs, = 5.4) with
pressure is shown in Figure 4. A deviation from linear depen-
dence of Vi, upon the encapsulation pressure (p) is observed,
and the empirical expression Vi, = 0.017 p9868 derived from
the graph, holds both for the low (300-1700 psi) and the high
(4000-13 300 psi) regions of measurements. At 13 300 psi, Vu,
= 65 cm? (STP) g™, corresponding to 0.6% by weight. The
results obtained are in good agreement with the van der Waals
equation for real gases, indicating that the stability of the
Cs~A(H;) encapsulate remains entirely unaffected by the
encapsulation pressure up to 13 000 psi, and that Vy, values
>1% at higher pressures are feasible. This, coupled with the
possibility of temperature-controlled slow release of the ele-
ment, illustrates the potential importance of the principle of
hydrogen encapsulation in energy and related problems.
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The First Formally Three-Coordinate d® Complex:
Tris(triphenylphosphine)rhodium(I) Perchlorate
and Its Novel Structure

Sir:

Kinetic studies indicate that an unisolable three-coordinate
d® compound of rhodium(I), RhCI(PPhj),, formed dissocia-
tively from RhCI(PPh;)s, is the raison d’étre of Wilkinson’s
catalyst in the homogeneous hydrogenation of alkenes.! Thus,
the successful synthesis and isolation of any three-coordinate
d® complex would not only corroborate their previously
doubted existence as intermediates but hold promise of high
reactivity and considerable catalytic potential. Moreover, a
very interesting structural dilemma is anticipated for d® metals
with two vacant coordination sites. The steric predilection of
three bulky ligands for trigonal planarity would mandate
paramagnetism,? but the prevailing diamagnetism of low-
valent phosphine complexes (of even d” configuration) makes
this highly unlikely. Group 8 complexes with two sites of
coordinative unsaturation (so-called 14-electron compounds)
are known only in a d!© configuration, exemplified by ML,
complexes of the nickel triad, and show expected linear coor-
dination.?

Synthetic routes to complexes of unusually low coordination
number have exploited bulky phosphines,? sterically de-
manding anions,* and dilute low temperature matrices.> Our
strategy has been to employ bulky phosphines under conditions
which remove potentially bridging anions and donor solvents.
Treatment of RhCI(PPh;3); with TICIOy in donor solvents such
as acetone, ethers, or alcohols precipitates the halide as TICI
allowing isolation of the orange crystalline complexes
[Rh(solvent)(PPh;)3;]ClO4 (1). Evidence such as the low »co
(1665 ¢cm~!) in the acetone complex indicates that these
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Figure 1. A stereoscopic view of the [Rh(PPh;)3]* cation, showing the planar, approximately T-shaped coordination about rhodium. Note the unusual
manner in which the phenyl ring at the lower right is drawn in toward the rhodium atom.

Figure 2, A close-up of the interaction region between the rhodium metal
and the unique phenyl group, viewed in a direction normal to the phenyl
ring. A dihedral angle of 57° exists between the RhP,P,P3 and P,C,C,H
planes. There are weak but perceptible interactions between Rh and the
C, and C; atoms, causing the Rh-P;-C) angle to assume a highly distorted
value of 75.6 (5)°. The ortho hydrogen atom, whose calculated position
is indicated in this diagram, also appears to be weakly interacting with the
metal.

complexes are four coordinate with a coordinated solvent
molecule and are therefore structural models for specifically
solvated intermediates in catalysis by cationic d® complexes.®
Of more interest, however, is that recrystallization of any of
these solvated cations from oxygen-free dichloromethane gives
virtually quantitative yields of a red, lattice-solvated species,
[Rh(PPh;);]ClO4CH,Cl, (2).

Compound 2 crystallizes in the triclinic system with space
group Pl;a = 11.925 (4), b = 14.466 (5), c = 15.553 (6) A;
a=92.637 (14), 8 = 88.931 (17), v = 112.744 (15)°; pcaled
= 1.34 g/cm3; R = 0.075 and R,, = 0.081; 3318 unique
data.”

The crystal structure confirms the suspected [Rh(PPhs);]*
coordination (Figure 1). The possibility of x-ray invisible hy-
dride ligands can be ruled out by the absence of high field 'H
NMR peaks or IR bands attributable to vgrpu. Also, the red
color, diamagnetism, and extreme oxygen sensitivity are
consistent with the rhodium(I) d® formulation but collectively
untenable for rhodium(II) or -(IIT) oxidation levels. The inner
coordination sphere (Figure 2) of phosphorus donors more
closely approximates a T shape than trigonal planarity (P~
Rh-P; = 102.4 (2), P;-Rh-P3 = 159.3 (2), and P,-Rh-P;
97.7 (2)°. Two of the phosphines (P, P3) are normal but the
third is highly distorted and participates in an unprecedented
Rh - .. C interaction (2.48 (2) A) with the C, atom of one
phenyl ring (i.e., the P-bonded carbon, or « carbon). A weaker
rhodium interaction occurs with a single ortho carbon atom
(C,) at 2.62 (2) A and its assumed hydrogen atom at 2.56 A.
The dihedral angle between the phenyl ring and the RhP;C,

plane is 57°. The assumption of a normal ortho hydrogen po-
sition from C; seems justified in that the dimensions of this
unique phenyl ring are all quite typical; in particular the C;-C,
bond (1.41 (2) A) is within the observed range for normal
phenyl groups (1.34-1.42 A). The acute Rh-P;-C; angle (75.6
(5)°) best illustrates the unusual distortion about the P,
phosphine and the other Rh-P;-C angles are correspondingly
obtuse (124.3 (6), 126.7 (5)°).

The rationale behind this structure does not lie in intermo-
lecular effects; there are no close nonbonding contacts (<3.0
A) between the cations, ClO4~ or CH,Cl,. Rather, the
[Rh(PPh;);]* stereochemistry seems to result from an elec-
tronically dictated distortion away from trigonal planarity
towards a T shape to allow diamagnetism.® Related to this is
the matrix-isolated d® complex Fe(CO); deduced to have
nonplanar stereochemistry.® With three-coordination, however,
the rhodium atom has much of its coordination sphere vacant
and seeks further electron density from the P;-C,;-C,-H
bonding framework. The highly coordinatively unsaturated
tetrabenzyltitanium?® shows a closely related interaction with
Ti - -+ (a carbon) distances of 2.6-2.9 A. The presumed
Rh .- -H interaction at 2.5 A is well inside the limits considered
to be attractive? and is similar to RuCl;(PPh;)3.1% The pre-
dominant interaction remains rhodium-phosphorus bonding
since, although the P,-C, bond is slightly compressed, the
C;~C; bond length is normal and the Rh-+-C;and Rh-. - C;
interactions are considerably greater than Rh-C bonds typical
of alkenes (2.1 A)!! or allyls (2.2 A).12

It is tempting to speculate that partial metal-phenyl group
interactions (both intra- and intermolecular) in triphenyl-
phosphine complexes may be of considerable importance in the
stabilization of reaction intermediates. For example, the utility
of triphenylphosphine over other phosphines in certain reac-
tions,!3 the prevalence of phenyl groups in cyclometalation
reactions,!# and the apparent advantage of phenyl substituents
in chiral phosphine complexes for maximizing catalytic
asymmetric induction! may not be totally the result of syn-
thetic convenience.

It has occurred tousthatthe structure of 2 may represent an
intermediate about to undergo an ortho metalation reaction.
However, upon heating 2 as a solid or in solution we find no
evidence of ortho metalation. Compound 2, even as a solid, is
instantly decomposed by dioxygen to triphenylphosphine oxide
containing products. Donor solvents add to regenerate 1 and
carbon monoxide yields [Rh(CO),(PPh;3)3]ClO4. Surprisingly,
oxidative addition of dihydrogen does not occur at ordinary
pressures, reminiscent of Pt(PPh3)3,!'6 but this is considered
advantageous in catalytic hydrogenation which occurs with
1-hexene at reasonable rates. The catalytic potential, reactivity,
and solution structure of 2 and its related phosphine analogues
is currently being explored.
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Note Added in Proof. Van Gaal and van den Bekerom have pub-
lished the synthesis of RhX(PCy3), (X = F, Cl, Br, I; Cy = cyclo-
hexyl) deduced to be three-coordinate by NMR in the case of the
fluoride and deduced to be in equilibrium with a four-coordinate dimer
in the case of the chloride: H. L. M. van Gaaland van den Bekerom,
J. Organomet. Chem., 134,237 (1977).
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Strained Ring Systems. 17.1

An Unusual Inversion of Configuration in the
Alkali Metal Promoted Protio-Dechlorination of
1,4-Dichloro-endo-2-alkoxybicyclo[2.2.0]hexanes
to exo-2-Alkoxybicyclo[2.2.0]hexanes

Sir:
We wish to report the unique alkali metal promoted pro-

tio-dechlorination reductions of 1,4-dichloro-endo-2-
methoxybicyclo[2.2.0]hexane (1)? in Li/tert-BuOH/THF

A, A

OR H
1, R=CHy 2, R=CH,
3. R=CyHy 4, R=C,Hg

to exo-2-methoxybicyclof[2.2.0]hexane (2, 100%) and 1,4-
dichloro-endo-2-ethoxybicyclo[2.2.0]hexane (3) in Na/
NHj3/Et;0 (—33 °C) to the exo-ethoxy derivative 4 in 93%.3
The reduction of 1 was carried out under reflux with excess

Table I. Results of the Reductions of 1 and 3 with a Deficiency of
Sodium in NH;/Et,0% at —33 °C

Mole ratio of %
sodium/ recovered %2 % adduct %
dichlorocompd 1or3% or4% 7¢ polymer?
Na/1(~2/1)ef 28 56(2) 2(R=CHjy) 14
Na/3(~1.2/1)&5 50  39(4) 7(R=C,Hs) 4

4 300 mL each of NH; and Et,0. ® By '"H NMR integration vs.
an internal standard. ¢ By 13C NMR. 4 By weight. ¢ 18.2 mmol of
1./ 20 mL of cyclopentadiene injected into reaction mixture 5 s after
1 was syringe injected. & 24.6 mmol of 3, # Same as f with only 2-3-s
delay in the injection of cyclopentadiene after 3 was added.

lithium wire for 1 h (reduction appeared to be complete in ~0.5
h). Approximately 4 equiv of lithium were consumed. Ethers
2 and 4 were readily identified from their 'H NMR signals of
C, endo-H observed as broadened triplets (2, s1msCPc" 3.99;
4, dmsC™ 3.99) due to virtual coupling as seen in the exo
alcohol (2, R = H).* The 'H NMR pattern of this proton was
very different from those seen in the endo alcohol®? and certain
esters,’® 1,2 and 4-chloro-endo-3-methoxybicyclo[2.2.0] hex-
ane-1-carboxylic acid.?

The question of which ring centers were involved in the ap-
parent overall inversion of configuration at C; in the 1 — 2 and
3 — 4 conversions was answered by carrying out the reduction
of 1in the presence of t-BuOD (98% deuterium). The product
was 2-1,4-d; containing ~96% deuterium at each bridgehead
position.% The important point here is that no alteration at C,
occurred in the reduction of 1 to 2, which is assumed to apply
to the 3 — 4 reduction also.

Since the olefin bicyclo{2.2.0]hex-1(4)-ene (5) is known to
be produced by certain chemical and electrochemical reduc-
tions of 1-bromo-4-chlorobicyclo[2.2.0]hexane,? several at-
tempts were made to trap the corresponding 2-alkoxy olefins
6 derived from 1 and 3. 1 was allowed to react with Li wire in
triglyme at 70 °C and 50 mm pressure? (2, bp 57 °C (58 mm)).
A cooled trap containing the highly reactive Diels-Alder diene,
2,5-diphenyl-3,4-benzofuran, in THF was placed between the
reaction mixture and the pump. After several hours, no evi-
dence of olefin 6 (R = CH3) as an adduct was found in the trap.
Addition of -BuOH to the deep blue reaction mixture after
this time (Li wire still present) produced a small amount of 2
and a major amount of a polymer.

In separate experiments, 1 or 3 was injected into a solution
of Na in NH;3/Et;0 at —33 °C followed shortly thereafter
(2-5s) by rapid syringe addition of a large excess of 1,3-cy-
clopentadiene.!® In both experiments a deficiency of Na was
present so as not to completely convert 1 — 2 and 3 — 4. The
results are given in Table L.

The presence of adduct 7 (R = CHj3) was deduced from the
13C NMR spectra of the reaction mixture (after workup) and
when much of 2 had been removed by distillation. The larger
amount of adduct 7 (R = C;H5) in the limited reduction of 3

H " H
] OR OR
Ta 7b

(Table I) allowed for its separation and collection of GLC. This
collected sample (containing a small amount of 3) exhibited
the following spectral data: 'TH NMR d1ys€P¢5 6.25 (m, 2),
4.27 (octet, C7 H), 3.38 (q, OCH,CH3), and 2.8-1.0 (m, 10);
I3C NMR in agreement with 7;!1 mass spectrum (heated inlet)
m/e 190 (M™*.). The adduct is a single isomer of 7- (7a) and
10-ethoxytetracyclo[4.2.2.125,016]undec-3-ene (7b) as judged
from both GLC and the 13C NMR spectrum. While we assume
the stereochemical orientation of the alkoxy group to be exo
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