COMMUNICATIONS

17 as a key intermediate. Preference for electron transfer over
hydride transfer in the reaction of 1 with the trityl cation is
revealed by competitive atom-transfer trapping of 1% with
[BrMn(CO),]. These experiments establish a two-step eH mech-
anism rather than a concerted hydride transfer for the reaction
of 1 with the trityl cation. Under the conditions of reduction
with H, eH hydride transfer is interrupted, which results instead
in the accumulation of Gomberg’s dimer derived from one-elec-
tron reduction of the trityl cation.

Due to the role of 1 in converting H,, a two-electron reducing
agent, into a reductant for two one-electron steps, we refer to it
as a “redox-switch” catalyst. Further studies of this unprece-
dented transfer of electrons from the H-H bond of hydrogen to
C-C bonds by one-electron reduction of carbenium ions are in
progress. _
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reactions. For instance, oxidation of [Cp(PMe,),RuH] yields {Cp(PMe,},-
RuH]® which is relatively acidic and protonates its parent hydride yielding
[Cp(PMe;),Ru(H,)])* [6]. Such proton transfers can compete with the H-atom
transfer required to convert Ph,C" into Ph,CH by an eH mechanism. Thus, an
eH hydride transfer can yield products in relative amounts that depend on the
ratio of the trityl cation to the metal hydride. We have reported such variations
in the reaction of {Cp*(dppm)RuH] with the trityl cation {dppm = bis-
diphenylphosphinomethane) [7]. The products of a single-step hydride transfer
are, on the other hand, insensitive to this ratio.
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H-atom abstractor from certain metal hydrides: D. C. Eisenberg, J. R. Norton,
Isr. J Chem. 1991, 31, 55-66.

[10] Electron transfer from 1 to Ph,C* is estimated to be exergonic by about
200 mV based on the oxidation potentials of 1 (E°(1* /1) = + 0.079 V, vs
NHE) [3] and the trityl cation (E°(Ph,C* /PhyC)pyso = + 0.280 V): J. Cheng,
K. L. Bandoo, V. D. Parker, J Am. Chem. Soc. 1993, 115, 2655-2660.
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berg, L. F. Rhodes, J. Edwin, W. E. Geiger, K. G. Caulton, Inorg. Chem. 1991,
30, 1107-1112.

{14] Two-equivalent “X** transfer between [XMn(CO),] and metal carbonyl an-
ions has been reported by Atwood et al. [15] and between [Cp(CO);MX] and
{Cp(CO); M}~ by Creutz and Bullock [16].
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{17} The products derived from the trityl cation are PhyCH/Ph,CBr, from the
ruthenium hydride [Cp*(dppf)RuBr}/3/[Cp*(dppf)Ru(H)Br]* and 2, and
from [BrMn(CO),} [Mn,(CO}, ] [18].

[18] 1. R. Pugh, T. J. Meyer, J. Am. Chem. Soc. 1992, 114, 3784-3792.

{19} The two chemical shifts observed for the equivalent - and f-protons of the
cyclopentadieny! protons of the trans-isomer (5(CD,Cl,) = 421 and 4.22) are
a characteristic [20] readily distinguished from the four bands observed for
derivatives of lower symmetry such as 1 (6(C¢Ds) = 3.70, 3.82, 4.09, and 4.65).
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{25} The ratio of triphenylmethane to Gomberg’s dimer produced under catalytic
conditions is dependent on the concentration of TMP. An increase the amount
of TMP from one to five equivalents increases the yield of Gomberg’s dimer
from 30 to 70 %. This conid be explained if deprotonation of 1 * competes with
H-atom transfer. However, a study of the rate of disproportionation of 1*
(k=35x10" M s~ at 23°C) {3) monitored by its electronic spectrum
shows no influence of TMP. This implies that TMP does not deprotonate 1*.

New Cage Compounds: Preparation and
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The formation of medium and large ring systems is a perma-
nent challenge for synthetic chemists, as special skills are usually
required for the cyclization, although self-assembly and pre-
organization of the reactants can minimize undesirable
oligomerizations. Phosphorus-containing macrocycles are now
well-documented, but those with intracyclic P-N units are
scarce.!'! Macrocyclization reactions involving P~N bond for-
mation have been rarely explored.[*?

CH,C(CH,PPh,), (triphos), the most widely investigated
tripodal polyphosphane, is an excellent ligand of increasing sig-
nificance in coordination chemistry.'?! However, little is known
about the chemistry of triphos other than its extraordinary co-
ordinating ability, and no reactions with azides have been re-
ported.

Tris(azide) 1 was prepared by standard chemistry starting
from bis(o-azidobenzyl)amine!® and o-azidobenzyl chloride.1*!
The reaction of equimolar amounts of 1 and triphos at room
temperature provided microcrystalline 2 in 66 % yield [Eq. (a)].
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In the 3'P{*H} NMR spectrum of 2 (CDCl,) the singlet at
8 =1.34isin the range!®! typical for phosphazides'®) 2530 ppm
downfield relative to the resonance of the phosphane counter-
part (triphos 6 = — 27.3) /" which reflects the high symmetry of
2 (probably C,). The same holds for the 'H and 3C{*H} NMR
spectra, where only one set of signals is present (Table 1). The

Table 1. Selected physical data of tris(phosphazides) 2 and 4 {a].

2: M.p. 254-256°C; IR (Nujol): ¥ =1146 (vs), 1112 (vs) (PN), 696 (vs)cm™*;
'HNMR (300 MHz, CDCl;, 298K): § = —0.12 (br. s, 3H, CH,), 3.66 (d,
J =129 Hz, 3H, NCH H,;), 3.88 (d, /=129 Hz, 3H, NCH, H,), 3.92 {m, 3H,
PCH ,Hg),4.24 (pseudo t,J =14.1 Hz, 3H,PCH  Hy}), 6.90--7.40 (m, 30 H), 7.59(d,
J=7.5Hz, 3H), 7.90 (d, J = 8.1 Hz, 3H), 8.05-8.12 (m, 6H): '*C{'H} NMR
(75 MHz, CDCl,, 298 K): § = 26.36 (br. s, CH,), 36.5! (m, PCH,), 40.64 (q,
2J(C,P) = 4.7 Hz, CH,C), 55.61 (s, NCH,), 116.71 (s, CH arom.), 126.27 (s, CH
arom.), 127.30 (s, CH arom.), 128.35 (d, *X(C,P) =104.5 Hz, ipso-C, PPh), 128.62
(d, *J(C,P) = 83.2 Hz, ipso-C, PPh), 128.64 (d, */(C,P) =11.2 Hz, m-C, PPh),
128.74 (d, 3J(C,P) = 11.8 Hz, m-C, PPh), 130.13 (d, 2J(C.P) = 9.0 Hz, 0-C, PPh),
130.39 (s, CH arom.), 13130 (d, *J(C,P)=29Hz, p-C, PPh), 131.86 (d,
“J(C,P) = 2.3 Hz, p-C, PPh), 132.45 (d, 2XC,P) =7.8 Hz, 0-C, PPh), 132.88 (s,
C-CH,N), 147.78 (s, CN;); **P{*H} NMR (121.5 MHz, CDCl,, 298 K): 6 =1.34
(s); FAB* MS: m/z (%): 1036 (M *H caled for Cq,H 5N, P; 1036.1)

4: M.p. 270-272°C; IR (Nujol): ¥ =1157 (vs), 1125 (vs) (PN), 692 (vs)em™*;
TH NMR (300 MHz, CDCl;, 298 K): 6 = — 0.03 (br. 5, 3H, CH;), 3.85 (pseudo t,
J =14.0Hz, 3H, PCH H,), 4.10 (m, 3H, PCH,Hy), 4.18 (d, J=13.1 Hz, 3H,
NCH H;), 4.96 (d, J =13.1 Hz, 3H, NCH,Hj), 6.90-7.43 (m, 30H), 8.05 (d,
J=84Hz 3H), 806-8.15 (m, 6H), 9.00 (d, J =7.8 Hz, 3H); '*C{'"H} NMR
(75 MHz, CDCl,, 298 K): 6 = 25.66 (br. s, CH,), 37.10 (m, PCH,}, 40.33 (q,
2J(C,P) = 3.5 Hz, CH,C), 66.74 (s, NCH,), 116.05 (s, CH arom.), 126.22 (s, CH
arom.), 126.44 (s, C-CH,N), 127.67 (d, *J(C,P} = 81.6 Hz, ipse-C, PPh), 127.70 (d,
LJ(C,P) =109.3 Hz, ipso-C, PPh), 128.89 (d, *HC,P) = 11.1 Hz, m-C, PPh), 129.0t
(s, CH arom.), 129.03 (d, 3J(C,P) =10.6 Hz, m-C, PPh), 129.98 (d, 2XC,P) =
9.5 Hz, 0-C, PPh), 131.77 (d, *J(C,P) = 3.0 Hz, p-C, PPh), 132.15 (d, *JC,P) =
7.6 Hz, o-C, PPh), 132.21 (d, *J(C,P) = 2.3 Hz, p-C. PPh), 132.48 (s, CH arom.},
147.87 (s, CN,); 3'P{'H} NMR (121.5 MHz, CDCI,, 298 K): & = —1.41 (s): FAB™
MS: mfz (%): 1052 (M *H calcd for Cq,Hs3N,,OP; 1052.1)

{a] The new compounds gave satisfactory C,H,N elemental analyses; H,H-COSY
experiments and high-resolution '*C{*H} NMR spectra were used for accurate
assignments.

diastereotopicity of the methylene protons in the CH,-P and
CH,-N groups speaks for intrinsic chirality and therefore for
the helical or propellerlike shape of the molecule. Particularly
noteworthy is the chemical shift of the CH, protons (6 =
— 0.12, broad singlet), which is 1.07 ppm upfield relative to the
analogous signal in the phosphane!”’ and far away from the
signals of most of the known triphos transition metal complex-
es, which lie in the range & =1.12-2.09.1%) Also, the shifts of the
CH,,-P protons {8 = 3.92 and 4.24) are notably different from
those in the phosphane (& = 2.48)"! and its complexes (6 =
2.06~2.78) .18 These data raised the question of the conforma-
tion of the triphos fragment in compound 2. Does it have the
CH ;-out conformation found in all the known triphos complex-
es in which the ligand is coordinated in an > fashion, the previ-
ously not reported CH,-in conformation (Scheme 1), or some
other conformation imposed by the particular topology of the
molecule?!
In this context, we observed that, like the methyl protons,
the CH, carbon atom of 2 is also shielded (broad singlet at
6=2636 ; 6=295
and 36-40 in the

- ;,,P/ Pp | oty p phos;ihane and its
- \/k,/ comp ez(%s, respec-

7 P tively){7+ 81 In the 13C

CHs Ph NMR spectrum the

two  diastereotopic

CHg-out GHg-in phenyl rings linked

to each phosphorus
atom appear to be

Scheme 1. The two known conformations of
triphos depicting the position of the CH; group
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magnetically inequivalent with notable differences in the coup-
ling constants *J(C,P) for the two ipso carbon atoms (83.2 and
104.5 Hz). This unusual fact probably reflects a not exactly
tetrahedral environment at the phosphorus atoms.

Since the NMR spectra did not change when the sample was
cooled to 203 K, significant dynamic processes for compound 2
at room temperature can be excluded. Because of the chemical
instability of this tris(phosphazide) its apparent conformational
rigidity could not be evaluated by high-temperature NMR ex-
periments. In CDCI, 2 decomposed totally in 24 h at 298 K and
in 2 h at 323 K, giving an intractable mixture.

All this data indicate unequivocally that compound 2 is a
tris(phosphazide). Phosphazides typically lose dinitrogen at
ambient or even lower temperature to produce 4°-phos-
phazenes,!'® although some phosphazides have been isolat-
ed.11%% The X-ray structural data of six phosphazidest*!!
showed as common features the essentially zwitterionic charac-
ter of the PN, framework (P* —N=N-N ") and the E configu-
ration of the central N=N bond. Attempts to build reasonable
molecular models of tris(phosphazide) 2 with (£)-PN; frame-
works, with four possible combinations of the conformations
around the bridgehead N and quaternary sp® carbon atoms (N
lone pair in or out, CH; in or out), gave highly strained struc-
tures. Unfortunately, we were unable to obtain a crystalline
sample of 2 suitable for X-ray structure determination.

We reasoned that the lability of 2 in solution could resulit from
the initial dissociation of one PN; arm into phosphane and
azide,l'?} and that this dissociation could be facilitated by the
inversion of the configuration at the bridgehead N atom. To
suppress this inversion we decided to prepare similar tris(phos-
phazides) in which that N atom is quaternized. Derivatization of
2 by protonation with acids or methylation with methyl iodide,
triflate, or tetrafluoroborate gave only intractable complex mix-
tures. Although tris(azide) 1 was easily protonated and methyl-
ated, the resulting ammonium salts did not react efficiently with
triphos. Finally reaction of the tertiary amine N-oxide 3, easily
prepared from 1 by the action of mCPBA '3 with triphos pro-
vided the macrobicyclic tris(phosphazide) 4 [Eq. (b)].

1
l m-CPBA

O ( :
N /t© mphos N (b)
1 N / l

a @@jzj

Compound 4 was stable in CDC, solution for several days at
room temperature without noticeable decomposition, and its
analytical and spectroscopic data (Table 1) are in agreement
with the proposed structure and very similar to those obtained
for the tris(phosphazide) 2. Suitable crystals of 4 now allowed
an X-ray structure analysis.l!#}

Two perspective views of the molecular structure of 4 are
shown in Figure 1. The molecule is located on a threefold crys-
tallographic axis passing through O1, N2, C15, and C16, and its
propelierlike shape is clearly apparent when the molecule is
viewed along this axis (Fig. 1b). Both O1 and C16 are located
outside the cavity of the macrobicycle. The PN, fragment pre-
sents a Z configuration with respect to the central N—-N bond

Angew. Chem. Int. Ed. Engl. 1997, 36, No. 1/2
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Figure 1. a) Molecular structure of 4. Selected interatomic distances [A] and angles
[F]: O1-N2 1.344(15), N2-C3 1.519(11), Ni0-N11 1.257(12), N11-N12
1.340(11), N12-- P13 1.640(8), P13-C14 1.810(11), P13-C17 1.791(10), P13-C23
1.799(8), N10-P13 2.714(7); O1-N2-C3 110.2(3), C9-N10-N11 114.7(7), N10-N11-
N12 117.5(8), C14-P13-C17/C23/N12 108.5(5)/105.2(4)/119.9(4), C17-P13-C23/
N12 106.1(4)/102.0(4), N10-P13-C14/C17/C23 88.5(3)/156.6(4)/83.8(3). b} A per-
spective view as projected along the threefold axis.

[N10-N11-N12-P13 = —7.5(11)°] in contrast to the E configu-
ration observed in all the previously reported phosphazides.I['!)
There is extensive electronic delocalization in the P-N-N-N frag-
ment and the distances compare fairly well with the average
values of 1.630(1), 1.341(1), and 1.273(1) A for the analogous
E-phosphazides; the lengths of the N12-P13 and N11-N12
bonds are between those of single and double bonds {1.697(15),
1.582(19) A for N~P bonds in phosphazenes, and 1.401(18),
1.245(9) A for N-N bonds).*8! The environment of the phos-
phorus atom can be described as a tetrahedron distorted toward
a trigonal bipyramid with N10 and C17 in axial positions
(Fig. 1a). The P13---N10 distance is within the range of
2.592(7)-2.741(7) A reported for related compounds that are
intermediate to open-chain betaines and cyclic 1,3,2-diaza-
phosphetidines.!'® The hydrogen atoms of the C16 methyl
group are 1.49 and 3.13 A away from the C17-C22 and C23-
C28 planes, respectively; the distances to the respective cen-
troids are 3.51 and 6.19 A.
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Tris(phosphazide) 4 is notably more stable than 2 and is un-
changed after several weeks in CDC], solution at 298 K and also
after mild heating (6h, 334 K, CDCl,). High-temperature
"H NMR experiments (CDCl,, from 298 to 330 K) showed no
appreciable changes in the normal spectrum of 4. Thus, in this
range of temperatures the chiral, C;-symmetric structure is rigid
and does not isomerize via labile conformations with C, symme-
try.

Experimental Section

General synthesis of 2 and 4: Two solutions of the corresponding tris(azide) (10 mL,
1.5 mmol, 0.15 M in diethyl ether for 1, and in dichloromethane for 3) and triphos
(10 ml, 1.5 mmol, 0.15 M in diethy! ether) were simultaneously added under nitro-
gen at room temperature over 30 min and with stirring, to a round-bottom flask
containing 15 mL of diethy! ether. The resulting mixture was then stirred overnight,
the precipitated pale yellow solid was filtered and dried under vacuum to give
compounds 2 and 4 in 66 and 85% yield, respectively.
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[(#°-CsMes)Al—Fe(CO),—
Synthesis, Structure, and Bonding

Jurij Weiss, Dana Stetzkamp, Bernhard Nuber,
Roland A. Fischer,* Christian Boehme,
and Gernot Frenking*

The series of surprisingly stable subvalent halides and
organometallic compounds of aluminum and gallium has ex-
tended over the last few years to include several interesting com-
pounds that open up promising perspectives as starting materi-
als for preparative purposes.’! For instance the fascinating
tetrahedral compound [(Cp*Al),],'? its alkyl congeners (RE),
and R,E-ER, (R = (Me,Si),CH, (Me,Si);C; E = Al, Ga,
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In),*land [R,AI-AIR,]™ (R = (Me,Si),CH, 2,4,6-iPr,C,H,)"!
are examples for Al-Al n bonding. Carbonylmetal com-
plexes with donor-stabilized Al' and Ga' fragments such as
(CO),Cr-Ga(C,H;)L, (L, = tmeda) are also of interest, since
they are suitable volatile precursors for the deposition of inter-
metallic phases {e.g. CrGa) by chemical vapor deposition.!**
Analogous complexes with donor-free aluminum centers are
very rare, and only two examples are known: [(Cp*Al),-
(CpNi),]"** and {{EtAl—CoCp*(n>-C,H,)},1,*° in which the
RALI fragments have been described as CO-analogous two-elec-
tron bridging ligands. However, no quantum theoretical investi-
gations of the bonding in these species have been carried out.
Therefore, with this aim in mind, our interest was directed to the
synthesis of a most simple structured model complex in which
one donor-free RAI' unit is terminally bound to a transition
metal fragment.

Treatment of a solution of [{Cp*AlCl, },]"* in toluene with an
excess of solid K,Fe(CO), [Eqg.(1)] gave a reaction mixture

[(Cp*AICI,),] + 2K,[Fe(CO)], —— 2[Cp*Al-Fe(CO),] + 4KCL (€3]
1

whose IR spectrum, recorded after a short reaction time, ex-
hibits the typical v(CO) pattern for a pseudo-C, -symmetric
[LM(CO),] complex. If the reaction is stopped at this stage, and
the reaction solution is filtered and concentrated, complex 1 is
obtained as colorless cubes in 10-20% yield by crystallization
at —30°C over several weeks. Attempts to increase the yield of
1 by employing other reaction media (THF, Et,0, CH,Cl,),
phase-transfer reagents ([R,N}(PFy); dibenzo-[18]crown-6), ul-
trasound, or higher temperature, have so far been unsuccessful.

The position of the 2’Al NMR signal at § = — 0.4 (w,, =
2600 Hz) indicates that 1 differs considerably from donor-stabi-
lized complexes of the type [L,Al(R)-M(CO),]** and resem-
bles more closely the tetramer [(Cp*Al),]12! whose Al nuclei are
comparably shielded.!®! The single-crystal X-ray diffraction
study!” reveals that the Cp*Al unit is indeed terminally bound
(apical position) to the 16-electron Fe(CO), fragment. The Al-
Fe bond (223.1(3) pm) in 1 is significantly shorter than the
Al-Fe bonds in typical A" complexes such as [(‘Bu){Me,N-
(CH,),}Al-FeCp(CO0),] (245.6(1) pm)**¥ and the Lewis acid/
base adduct [(Ph),Al-FeCp(CO),] ™ (251.0(2) pm).[** In alloys
(e.g. Al,Fel*?) the average Al-Fe distance (255 pm) is about
32 pm longer than in 1. However, Al-M distances similar to
those in 1 are found in multinuclear complexes with donor-free
Al centers such as [(NiCp),(Cp*Al),]™ (228 pm) and [{EtAl-
CoCp*(n*-C,H,)},]? (233 pm). The Ali-Fel-C13 (87.8(3)°)
and Alt-Fel-C14 (82.1(2)°) angles (Fe—C14a is symmetrically
equivalent; for atom numbering see Figure 1) are consistent
with a weakly developed umbrella effect.!®! The Al1-Fe1-C12
angle (172.4(3)°) is close to the ideal value of 180° for a trigonal-
bipyramidal coordinated Fe center. The average Al-C(Cp) dis-
tance (214.7 pm) is shorter than that in the Ni,Al, complex
(225.3 pm) mentioned above; a value of 233.4 pm was found for
the [(Cp*Al),] tetramer. Evidently, 1 exhibits a more pro-
nounced charge polarization Al°* —Cp®~. However, an extreme
description as a contact ion pair [Cp*Al]>*[Fe(CO),}*~ can be
ruled out on the basis of the position of the y(CO) IR absorption
bands (> 1900 cm ™ ') and the fact that Fe—Al coordination is
preferred over isocarbonyl bridging Fe-C-O-Al.

Further information about the bonding was provided by
quantum theoretical calculations using density functional theo-
ry in conjunction with relativistic pseudopotentials at Fe!®! on
the model compound [(7°-Cp)Al-Fe(CO0),] (1a, substitution of
Cp* by Cp (C;Hy)). The theoretical data for 1a (Figure 2)
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