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V. Since the results of separate single- and double-potential-
step chronoamperometric experiments require that the re-
duction of FIN; to product be an overall one-electron process
and that all intermediates and products be reoxidized reversibly
in a one-electron step per molecule of FIN; reduced,® we con-
clude that the electroactive species of the couple is in the
product-forming reaction channel.

The 9-fluorenyl anion (FIH™) was at first considered to be
this intermediate since it could ke formed by F1~- abstracting
a hydrogen atom from a component of the solvent-electrolyte
system.!"\!3 However, FIH™ was rejected as being the elec-
troactive intermediate when its oxidation was determined to
occur slightly more readily (Ep, = 0.08 V) than that of the
species in Figure | (Ep2 = 0.16 V) and to be irreversible at all
scan rates up to 100 V/s.14

In view of these considerations and our expectation that Fl—-
should be oxidized at a similar potential to that of FIH—, we
tentatively assign this redox couple to that of the carbene,
fluorenylidene, and its anion radical, F1:/FI~=+ (Scheme I). If
the assignment of this redox couple is correct, this requires a
significantly longer lifetime of the carbene Fl: compared with
that of the 9-fluorenyl radical (FIH.) under these reaction
conditions since the FIH™/FIH- couple was not shown to be
reversible in this solvent-electrolyte system.

Scheme | -
E~-06V fast E ~ iO,I6 v
FIN; + & ————FIN;™.—>» Ny + FI-s r—> FI:
+e™

k
FI=« + FIN; — [FI=N—N=FI] .

E =~ ~064V
[FI=N—N=Fl]=- + e~ ———— [FI=N-—N=F|]2~

fasl
[FI=N—N=FI]2~ + FIN; —> FIN,~ + [FI=N—N=F{]~.

E ~ -024V
Fl=N—N=Fl + ¢~ ————> [FI=N—N=Fl] .

Two features of these results should be stressed. The first,
of course, is the possibility that we now have a method for
measuring carbene/carbene anion radical redox potentials.
Such data are important for understanding the structures and
chemistry of these classes of reactive intermediates. The second
feature is the increased production of the corresponding azine
and concomitant decrease in the amount of hydrocarbon
products from FI~« compared with Ph,C~-.!2 We believe that
this may be related to the structures and, therefore, the relative
reactivities of the two carbene anion radicals. Efforts are
presently underway to elaborate further on these and other
features in a number of hypovalent radical systems both in
solution and in the gas phase.
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Transition Metal Initiated Cationic
Photopolymerization
Sir:

Photochemical activation of electron transfer within organic
donor-acceptor complexes is a useful method for initiating a
variety of ionic polymerization reactions.' Such a concept has
not been applied to complexes of transition metal ion acceptors
with organic donors. The intrinsic coordinative preferences of
the metal ion might be expected to impart reaction selectivity
both in terms of organic substrate binding (type, number, and
relative orientation of ligands) and the photochemical behavior
of the complex.? We wish to report that efficient cationic
photopolymerization of tetrahydrofuran (THF) can be ini-
tiated by small quantities of copper and silver salts.* This report
constitutes the first example of a transition metal ion mediated
cationic photopolymerization® and also the first report of THF
photopolymerization.

Solutions of the silver salts AgBFs, AgPF¢, AgSbFe, and
AgOTIf? in anhydrous’ THF are stable indefinitely in the dark.
However, upon irradiation with 254-nm light at 25 °C, de-
gassed solutions of any of these silver salts in THF become
increasingly viscous. Also formed is a black precipitate, shown
by analysis to be silver metal.® Addition of water to the irra-
diated solutions produces a white precipitate, characterized
as polytetrahydrofuran® by the infrared spectrum,'® elemental
analysis,!!? and molecular weight.!'® In a typical preparative
reaction, irradiation of 0.24 g of AgPF¢ in 8.9 g of THF for
13.5 h followed by 11.5 h in the dark yielded 4.5 g (50%) of
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isolated dry polymer. Yields for preparative thermal THF
polymerization are generally in the range of 30-80%.° The
yield of polymer was found to increase with the duration of
photolysis and also upon standing in the dark following pho-
tolysis. Several identical solutions of AgOTf (0.038 M) in THF
were irradiated in a merry-go-round apparatus for 11.5 h and
then stored in the dark for varying periods of time prior to
precipitation of the polymer with water. Isolated yields in-
creased from ~1% to a maximum value of ~10% during the
first 10 hin the dark. A second series of AgOTf solutions was
irradiated for varying times and analyzed for polymer for-
mation after a constant total reaction time (light plus dark)
of 19 h. Isolated yields increased linearly with irradiation time
during the first hour, but then leveled off to a limiting con-
version of ~6% after 12 h. Triethylamine (0.04 M) completely
inhibits polymer formation but does not affect the formation
of silver metal. Polymer yields also depend upon the anion,
decreasing in the order AgPF¢ > AgOTf ~ AgBF4 > AgSbFs.
Silver salts which are insoluble in THF (AgNO;, AgOAc,
AgF) are ineffective. Copper salts including (CuOT{)2-C¢He
and Cu(OTf); are active initiators of THF photopolymeriza-
tion. In the Cu(I) system precipitation of copper metal was
observed within the first few minutes of irradiation,!? whereas
with Cu(Il) metal precipitate was only observed after several
hours. Solutions of both copper salts in THF have absorption
bands which extend to wavelengths longer than 300 nm, thus
allowing large scale photopolymerization reactions to be
conducted in Pyrex apparatus.

The mechanism of thermal cationic THF polymerization
has been extensively investigated.® Considerable evidence
suggests that cationic species (e.g., carbonium ions) or strong
Lewis acids activate THF for nucleophilic attack at the o po-
sition (eq 1), leading to ring opening of the intermediate oxo-
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coordination is a prerequisite for reaction is supported by the
observation that the addition of olefins which form stable Cu(I)
complexes'# completely inhibits initiation by (CuOTf)»CsHe
(instead, olefin photodimerization'4 is observed). Thermal
catalysis by finely divided metallic copper or silver!3 is in-
consistent with two observations. First, thermal dispropor-
tionation of (CuOTf)»C¢He in THF produces copper metal;!?
however, thermally induced THF polymerization is not ob-
served. Second, irradiation of AgOTf in 1,2-dimethoxyethane
(DME) produces finely divided silver, but no polymer. When
excess THF is added to the previously irradiated DME solution
in the dark, no polymer is formed; however, irradiation of
AgOTf in a mixture of THF and DME does result in polymer
formation, albeit in low yield. It is unclear from the information
at hand whether expulsion of M(0) occurs immediately fol-
lowing excitation (path a), or following attack of the excited
complex by ground state THF (path b). The THF cation
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radical does not appear to be a likely candidate for the chain-
initiating species, in view of the absence of polymer formation
upon irradiation of the THF-tetracyanoethylene charge-
transfer complex.!® Attack of the excited complex by either
a coordinated or free THF would yield a metal alkoxide (path
b). Copper(l) alkoxides are known to be thermally unstable,
decomposing to produce alkoxy radicals and copper metal.!”
Considerably less is known about Ag(I) and Cu(II) alkox-
ides.!® Interestingly, monitoring of the Cu(OTf), initiated
reaction by EPR reveals the formation of one or more new
Cu(II) species (possibly copper alkoxides'®) during the early
stages of irradiation. Prolonged irradiation results in complete
disappearance of all Cu(II) signals.

Following the metal ion mediated photoinitiation, THF
polymerization apparently proceeds via the normal cationic
chain mechanism.® The observed effect of anion identity on
polymer yield, the continued growth of the polymer in the dark,
inhibition by triethylamine, and termination by water are all
characteristic of the thermal cationic polymerization process.
Free radical polymerization of THF has never been
achieved.

Metal ion initiated photopolymerization offers several
unique features not available in either thermal or organic ac-
ceptor photoinitiated processes. In contrast to the former
systems, the monomer-intiator mixture is completely stable
with respect to polymerization until activated by ultraviolet
light. Also, in many cases the reacted initiator (precipitated
metal) can be easily separated from the polymer solution.
Unlike photopolymerizations with organic acceptors, metal
ions offer the possibility of greater variety, selectivity, and
multiplicity in terms of substrate coordination and activation.
Indeed, THF photopolymerization has never been initiated
with an organic acceptor. Further studies of metal ion centered
photoinitiated processes are in progress.
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Novel Iron Complexes from Cocondensations
of Iron Vapor with Aminodifluorophosphines
Sir:

The dialkylaminodifluorophosphines form relatively stable
homoleptic zerovalent nickel complexes (RaNPF3)4Ni by
displacement of all four CO groups from Ni(CO)4.!> How-
ever, no other homoleptic zerovalent dialkylaminodifluoro-
phosphine metal complexes are known. This communication
describes the first reported examples of the cocondensation of
metal vapors®# with aminodifluorophosphines. Such reactions
are interesting since they provide routes to novel zerovalent
metal complexes exhibiting relatively high stabilities and un-
usual structures.

About 0.5 g (8.93 mg-atoms) of iron metal was evaporated
over a period of 30 min at 0.000]1-mm pressure from an alu-
mina coated tungsten wound crucible heated electrically. The
resulting vapors were cocondensed at ~196 °C with an excess
(~8 mL) of dimethylaminodifluorophosphine. Excess ligand
was then removed by pumping at =78 °C. The resulting black
slurry was extracted with hexane and the resulting hexane
solution chromatographed on a Florisil column. Elution of the
yellow band with hexane gave 0.8 g (14% yield) of yellow
[(CH3)2NPF2]5F€. Anal. Calcd for C|0H30F10F€N5P52 C,
19.3; H,4.9; N, 11.3. Found: C, 19.6; H, 4.7, N, 1 1.1

This iron(0) derivative [(CH;3),NPF;]sFe is a yellow solid
which appears indefinitely stable in air in contrast to many
other iron(0) derivatives such as [(CH30)3P]sFe.3¢ Its 'H
NMR spectrum exhibits the expected broad peak at 7 7.0. Its
mass spectrum exhibits the complete sequence of ions
[(CH3),NPF;],Fet (n=5,4,3,2,and 1) indicating stepwise
loss of (CH3)>NPF; ligands similar to the stepwise loss of
car?onyl groups in the mass spectra of most metal carbon-
yls.

The potentially bidentate ligand CH3N(PF3); forms the
relatively stable homoleptic complexes [CH3N(PF2)>)3sM (M
= Cr, Mo, and W) by ultraviolet irradiation with the corre-
sponding metal hexacarbonyls.® However, all reactions of
CH3N(PF3), with iron carbonyls, even under photochemical
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Figure 1, ORTEP drawing of the structure of [CH3N(PF,),]sFe.

conditions, give products still containing carbonyl groups.® 10
In an attempt to prepare an iron(0) derivative containing only
CH;N(PF3); ligands, iron vapor was cocondensed with excess
CH;N(PF>); using a procedure completely analogous to that
described above for the cocondensation of iron vapor with
(CH3),NPF,. Chromatography of the resulting reaction
mixture on silica gel using hexane as solvent gave a yellow
band. Elution of this yellow band followed by crystallization
from n-hexane at —20 © gave yellow crystals. The yield of this
product was low (<1%) owing to the concurrent formation of
iron particles and unidentified iron compounds which could
neither be sublimed or chromatographed without decompo-
sition. In view of the limited quantity of this yellow product for
the usual characterization by elemental analyses and spec-
troscopic methods, the structure of this product was instead
determined by single-crystal x-ray diffraction.

The iron complex [CH;N(PF,);]4Fe forms monoclinic
crystals by slow evaporation of an n-hexane solution at room
temperature: space group P2,/n;a = 16.777 A, b =10486
A, c=15538 A, 8=117.048°, Z = 4. Least-squares aniso-
tropic refinement using the 2656 observed reflections (R =
0.0391, R, = 0.0373) indicates the structure depicted in
Figure 1. In this structure the iron(0) atom attains the expected
coordination number of five since one of the CH3N(PF3), li-
gands is bidentate whereas the remaining three CH3N(PF»);
ligands are only monodentate.

The coordination polyhedron of the five-coordinate iron(0)
atom can be interpreted as a trigonal bipyramid which is se-
verely distorted by the small-bite bidentate CH3N(PF2), li-
gand. The ten angles around the five-coordinate iron atom are
as follows: P(1)-Fe-P(3) = 161.96, P(1)-Fe-P(2) = 69.12,
P(1)-Fe-P(7) = 93.07, P(1)-Fe-P(5) = 96.78, P(3)-Fe-P(2)
= 93.61. P(3)-Fe-P(7) = 93.57, P(3)-Fe-P(5) = 97.85,
P(2)-Fe-P(7) = 127.37, P(5)-Fe-P(7) = 104.03, P(5)-
Fe-P(2) = 126.36°. The bidentate CH3N(PF>); ligand (P(1)
and P(2)) thus bridges an equatorial and an axial position of
the iron(0) trigonal bipyramid and because of its small bite
reduces the P,x-Fe-Pcq angle from the idealized value of 90°
to 69°. Part of this distortion involves bending the relevant
Fe-P.y bond so that the P,,-Fe-P,, angle is no longer the ideal
value of 180° but instead 162°. Thus the introduction of a



