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Table II. Calculation of Excited-State Bond Strengths?® for
Cr(tacn)X; Compounds

bond strength, pm! diff,  ligand loss
X Cr-N Cr-X kJ mol*! predicted
F 0.898 1.46 196 nonane
Br 0.898 0.890 0.9 Br-
CN 0.898 1.09 23 nonane
NCS 0.898 0.916 2.1 nonane

?Based on the ligand field parameters for ammonia and X ligands
given in ref 11.

yield, 0.05, relatively independent of solvent, in agreement with
theoretical expectations that this should be the minor mode of
reaction.

This complex, being thermally and relatively photostable and
emitting efficiently with a long doublet lifetime, meets well the
criteria of this study and will be a useful addition to the available
quenching and energy-transfer species. It is noteworthy that in
degassed solution the emission yield is 0.01, a value that compares
very favorably with 0.002 in dmso for trans-Cr(cyclam)(NH,),* 2
and that approaches the 0.034 for Ru(bpy),?*.?

Consistent with its long lifetime, the molecule is quenched by
oxygen, ferric and silver ions, and the complexes Cr(CN)¢*~ and
Cr(en);3*. The last case is interesting in that the doublet energy
of the acceptor is higher than that of the donor, 1.4925 and about
1.39 um™!, respectively (the latter value is estimated from the onset
of emission and is approximate). The most likely explanation of
this is an uphill, thermally activated process, although other
mechanisms are conceivable. The given doublet energies show
that energy transfer in this direction must overcome a Boltzmann
factor of 0.008 at 298 K. It is to be noted that this is not in-
consistent with the ratio of the bimolecular quenching constants
for the two complex ions studied, 0.03, the first of which is for
conventional, exothermic energy transfer but is slower than ex-
pected for the diffusion-controlled process. Energy-transfer
quenching should lead to sensitized emission, but this could not

(24) Kane-Maguire, N. A. P.; Wallace, K. C.; Miller, D. B. Inorg. Chem.
1985, 24, 597.
(25) Forster, L. S.; Moensted, O. J. Phys. Chem. 1986, 90, 5131.

Notes

be observed owing to the much more efficient emission from the
unquenched donor complex. We intend to pursue these aspects
further in a future study.

The quenching by silver and ferric ions is unlikely to occur either
by energy or electron transfer. A possible mechanism is binding
to the free S end of the coordinated isothiocyanate; this would
perturb the excited doublet state and may well catalyze intersystemn
crossing to the ground state.

The scavenging of oxygen on photolysis of aerated dmso so-
lutions is an interesting phenomenon. Two mechanisms might
be considered: redox reaction with dmso of the doublet excited
state of the complex, arising because of its greater oxidation
potential, or energy transfer to produce singlet oxygen, which then
reacts with dmso or impurities such as dimethyl sulfide. Of these
two possibilities the second seems more likely, on the basis of the
uniqueness to dmso of the process and the known reactivity of
singlet oxygen with dimethy! sulfide.?

These results show that this molecule fulfills the criteria that
we set out to meet. It is sufficiently thermally and photochemically
stable to allow energy-transfer studies. It has a doublet state of
long lifetime that can be quenched by a number of metal ions,
complexes, and other species such as molecular oxygen. This
implies in turn its potential utility as a sensitizer of low-energy
excited states. Since the molecule is neutral and soluble in no-
naqueous solvents, it allows the possibility of quenching and
sensitization studies without the complexities associated with ionic
species in nonaqueous media.
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We recently reported the unexpected difference in behavior of
cyclenphosphorane 1 and cyclamphosphorane 2 toward the same
Lewis acid, B,Hg' (Scheme I). Compound 1 was found to react
readily with diborane to yield the bis adduct 3 in which no re-
arrangement of the initial structure has occurred whereas 2, which
is known to be in equilibrium with an open form in solution, led
to a mixture of closed cyclamphosphorane-bis(borane) 4, anal-
ogous to 3, and an open cyclamphosphine—bis(borane) 5.

(1) (a) Dupart, J.-M.; Pace, S.; Riess, J. G. J. Am. Chem. Soc. 1983, 105,
1051. (b) Dupart, J.-M.; Grand, A.; Pace, S.; Riess, J. G. Inorg. Chem.
1984, 23, 3776. (c) Dupart, J.-M.; Le Borgne, G.; Pace, S.; Riess, J.
G. J. Am. Chem. Soc. 1985, 107, 1202.
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Scheme I. Reactivity of 1 and 2 toward Diborane
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In this paper, we have investigated the reactivity of 1 and 2
toward an activated ketone, trifluoroacetophenone (6), in order
(i) to reveal a possible open tautomeric form for 1, (ii) to know
whether 2 reacts as a phosphorane or a phosphine toward the
ketone, and (iii) to evaluate the part of the NH site in the open
form.

© 1988 American Chemical Society
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Scheme II. Reactivity of 2 toward 6
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Scheme III. Reactivity of 1 toward 6
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Tertiary phosphines are well known to react with two equiva-
lents of activated ketone such as hexafluoroacetone and tri-
fluoroacetophenone (6), usually leading to dioxaphospholanes such
as 7, as a result of an oxidative addition process on phosphorus.2
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7

By contrast, P-H-containing phosphorus compounds such as
hydrophosphines, phosphonates and hydrophosphoranes tend to
react with only one equivalent of ketone leading, respectively, to
phosphine alcohols, phosphonate alcohols and phosphorane alcohols
8}
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We describe here the unexpected difference in reactivity of
cyclenphosphorane 1 and cyclamphosphorane 2 toward the same
activated ketone, with the synthesis and the characterization of
the phosphorane alkoxide 9 (Scheme II) and the phosphorane
alcohol 10 (Scheme III). We demonstrate the important part
played in that reactivity by the phosphorane/phosphoranide
acid-base equilibrium.

(2) (a) Ramirez, F.; Smith, C. P.; Pilot, J. F. J. Am. Chem. Soc. 1968, 90,
6726 and references therein. (b) Gibson, J. A.; Réschenthaler, G.-V.
J. Chem. Soc., Dalton Trans. 1976, 1440. (c) Francke, R.;
Roschenthaler, G.-V.; Di Giacomo, R.; Dakternieks, D. Phosphorus
Sulfur 1984, 20, 107.

(3) (a) Evangelidou-Tsolis, E.; Ramirez, F.; Pilot, J. F.; Smith, C. P.
Phosphorus 1974, 4, 109. (b) Jansen, A. F.; Politt, R. Can. J. Chem.
1970, 48, 1987. (c) Germa, H.; Burgada, R. Bull. Soc. Chim. Fr. 1975,
2607.

Notes

Results and Discussion

Reaction between 2 and 6. Compound 2 reacts instantaneously
with 1 or 2 equiv of 6 in pentane at —70 °C, giving the cyclam-
phosphorane alkoxide 9, which is isolated in 70% yield, excluding
the formation of a dioxaphospholane 1:2 adduct such as 7.

Structure of 9 is unambiguously established by its analytical
and spectroscopic data. The 3P NMR spectrum of 9 in toluene
exhibits a signal at —56 ppm, characteristic of 5-connected
phosphorus. The presence, in the °F and 'H NMR spectra,
respectively, of a doublet at -75.9 ppm (3Jgy = 7.5 Hz) and a
doublet of quadruplets at 5.7 ppm (*Jyr = 7.5 Hz; 3Jyp = 15 Hz)
is only consistent with the P-O-CH(CF;)Ph moiety, excluding
the isomeric phosphorane alcohol structure, which could also be
expected.

When 9 is left at ~30 °C in a sealed tube in a toluene solution,
it converts, slowly but totally, to its structural isomer 13. The
3P NMR spectra of 13 presents a singlet at 25.5 ppm which is
a typical chemical shift for a tris(dialkylamino)phosphine oxide.
The NCH(CF;)Ph moiety is established in the °F NMR spectrum
by a doublet at —78.2 ppm (3Jgy = 7.5 Hz), which is further
confirmed by a quadruplet at 5.2 ppm (3Jyg = 7.5 Hz) in the 'H
NMR spectrum. We note that 13 is also present in the crude
mixture in about 15% (based on the 3'P NMR).*

Reaction between 1 and 6. Cyclenphosphorane 1 reacts slowly
with one equivalent of 6 in pentane at room temperature, yielding
quantitatively compound 10, which is remarkably stable in solid
and in solution. Its formulation is supported by its analytical and
spectroscopic data, which do not, however, allow a clear definite
distinction between the two forms 10’ and 10”. The *'P NMR
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spectrum exhibits a signal at =35 ppm, characteristic of 5-con-
nected phosphorus, and the °F NMR spectrum shows a doublet
at -71.8 ppm (3Jgp = 3 Hz) in agreement with structure 10. The
13C NMR spectrum consists of, in addition to the expected signals
for the phenyl carbons, a quadruplet for the CF, carbon at 126.5
ppm (M = 285 Hz), a doublet of quadruplet for the asymmetric
quaternary carbon at 79 ppm ({J¢p = 132 Hz; 2Jor = 27 Hz),
and two doublets for the methylenes at 43.0 ppm (*Jcp = 10 Hz)
and 42.6 ppm (3Jcp = 9 Hz). A variation of temperature does
not affect the latter spectrum. The magnetic inequivalence of the
methylenes is due to the asymmetric quaternary carbon, which
renders them diastereotopic and anisogamic.

The 'H NMR spectrum of 10 in CDCl, at room temperature
presents a doublet at 8.9 ppm (J = 20 Hz), which disappears by
addition of D,0. This coupling constant is consistent with either
3J4ocp or Wynp values, > for 10’ or 107, respectively. In the
infrared spectrum the two possible vibrations »(OH) and »(NH)
are expected to be found in the 2500-3200- and 2250-2700-cm™
regions,® respectively. However, the only change observed in the
spectrum after deuteriation of 10 is the occurrence of a band at
2050 cm™. The relation »(XH) = 1.41 (»(XD)) (X = O, N)
establishes that the original band should appear at 2890 cm™. This

(4) Compounds 9 and 13 possess asymmetric carbon and phosphorus atoms,
and each compound should therefore exist as a pair of diastereoisomers.
The detection of only one type of signals is probably due to the fact that,
in the case of 13, both diastereoisomers unfortunately have indiscernable
chemical shifts and, in the case of 9, an exchange between them through
a pseudorotation mechanism at phosphorus exists.

(5) Crutchfield, M. M.; Dungan, C. H.; Letcher, J. H.; Mark, V.; Van
Wazer, J. R. In Topics in Phosphorus Chemistry; Interscience: New
York, 1967, Vol 5, pp 349-357.

(6) Conley, R. T. Infrared Spectroscopy, 2nd ed.; Allyn and Bacon: Boston,
MA, 1972, p 342.
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value would be in favor of 10/ (strong O—H--N interaction) rather
than 10”.

Comparison between the Reactivities of 1 and 2. It is particularly
noteworthy that the two closely related phosphoranes 1 and 2,
which differ only by the number of methylene groups, exhibit a
quite different reactivity toward 6: 2 reacts instantaneously with
1 equiv of 6 to yield the P-O—C sequence containing adduct 9
whereas 1 reacts slowly with 1 equiv of 6 to give the P-C-O
sequence containing compound 10.

This difference may be assigned to the presence, for 2, of the
open tautomeric form cyclamphosphine. It is generally assumed
that the initial site of attack of tertiary phosphine on activated
ketone is located on oxygen, producing a phosphonium—carbanion
1:1 intermediate, which reacts rapidly with a second ketone to
give dioxaphospholane.?® The observed reactivity of 2 may thus
be attributed to the aminophosphine open form 2’ and would
involve phosphorus, its most nucleophilic site, leading to the in-
termediary compound 14. This may evolve to give 9 either (i)
by intramolecular nucleophilic addition of the free nitrogen site
on the phosphorus followed by transprotonation (Scheme II, route
I) or (ii) by direct abstraction of the N-bound proton by the
carbanion site followed by an intramolecular attack of the amide
on the phosphonium site (route II).

The presence of the NH tentacle in the intermediate 14
probably inhibits the formation of a dioxaphospholane, which
might have been expected if 2’ behaved as a typical tertiary
phosphine. Protonation of the carbanion and ring closure are
probably more rapid than condensation with a second equivalent
of ketone.

It should be noted that the presence of 13 in the crude mixture
in about 15% cannot arise only from the slow transformation of
9. It may be taken to indicate that intermediate B (route II) is
formed: this intermediate evolves either to 9, by addition on the
phosphonium site, or to 13 by nucleophilic attack at the POC
carbon and formation of the P=0 bond.

On the other hand, 1 seems to exhibit the expected P-H re-
activity of phosphoranes toward 6 with the formation of the
phosphorane alcohol 10. However, it has been proposed that the
hydrospirophosphoranes react by their open form,* yielding a
P-C-O compound, by the attack of phosphorus on the carbonyl
carbon atom. This cannot be the case for 1: its open form 1’ is
structurally and electronically very close to 2’; therefore, we would
have expected the formation of the P-O—C compound analogous
to 9 through attack of phosphorus on the carbonyl oxygen atom.

Furthermore, the basicity of the apical nitrogen atoms in 1'2¢
and the acidity of the P-H bond in phosphoranes have also been
established.” These results may be taken to indicate that the
conjugated base of 1, cyclenphosphoranide anion 11,% might react
with 6, through attack at the carbon atom of the ketone, to give
12 as depicted in Scheme III. This seems to be confirmed by the
fact that 11, obtained quantitatively by deprotonation with LiMe,’
reacts instantaneously with 6 to give 10 (after hydrolysis). By
this work, we have contributed to establishing that the hydro-
phosphorane/phosphoranide acid—base equilibrium must be taken
into account in the reactivity of tetracyclic tetraamino-
phosphoranes, especially when the phosphorane/phosphine tau-
tomeric equilibrium is not operating.

Experimental Section

Compounds 1 and 2 were prepared according to Richman’s method.!©
C,sH;sN,POF; (9). A 0.183-g (1.05-mmol) sample of 6 (Aldrich) in
20 mL of hexane is added, at =70 °C, to a solution of 2 (0.249 g, 1.10
mmol) in 40 mL of hexane. The reaction mixture is immediately filtered
and concentrated, and a crystallization in pentane at —30 °C yields 0.317
g (70%) of 9 as white needles. 9 is soluble in all common organic solvents

(7) Garrigues, B.; Boyer, D.; Munoz, A. Can. J. Chem. 1984, 62, 2170.

(8) Riess, J. G. In Phosphorus-31 NMR Spectroscopy in Stereochemical
Analysis; Quin, L., Verkade, J. G., Eds.; Verlag Chemie: Weinheim,
FRG; in press.

(9) The reaction is selective. A variation of temperature or concentration
does not affect the 3P NMR spectrum.

(10) (a) Richman, J. E.; Atkins, T. J. Tetrahedron Lett. 1978, 4333. (b)

Atkins, T. J.; Richman, I. E. Tetrahedron Lett. 1978, 5149,

but evolves into 13 in a few weeks in CH,Cl,, CHCl,, or toluene. Anal.
Caled for C gHy,N,POF,; (M, 402): C, 53.73; H, 6.51; N, 13.92; P, 7.69.
Found: C, 53.07; H, 6.54; N, 13.93; P, 7.69. *'P{'H} NMR (toluene):
8 =56 (s). 'F NMR (C¢D¢): 6-75.9 (d, 3Jpy = 7.5 Hz). 'H NMR
(C¢Dg): 6 7.4 (m, CgHy), 5.7 (dq, *Jy = 7.5 Hz, *Jygp = 15 Hz, H-
(CCF;Ph)), 2.8 (m, CH;N), 1.55 (m, CH,(CH;N),). MS (chemical
ionization with NHj; m/e): MH* (100%).

C,sH;,N,POF; (10). A 0.126-g (0.70-mmol) sample of 6 in 20 mL
of pentane is added dropwise to a solution of 1 (0.145 g, 0.70 mmol) in
50 mL of pentane, at =70 °C. The reaction mixture is then allowed to
warm to room temperature and stirred for 4 h. The solvent is evaporated,
and crystallization in CH,Cl, by slow evaporation yields 0.230 g (85%)
of 10 as white parallelepipedic crystals. Compound 10 is very soluble in
CH,Cl; and CHCl, and quite soluble in pentane, toluene, and CH;CN;
mp 145 °C. Anal. Caled for C;(H,,N,OPF; (M, 374): C, 51.34; H,
5.92; N, 14.97; P, 8.27. Found: C, 51.24; H, 5.88; N, 15.01; P, 8.28.
3Ip{IH} NMR (CDCly): 8 -35 (q, *Jpr = 3 Hz). *F NMR (CDCl,):
6-71.8 (d, 3Jgp = 3 Hz). 'H NMR (CDCl,): & 8.9 (d, Jyp = 20 Hz,
H(O or N)), 7.5 (m, C¢Hs), 2.8 (m, CH,N). '*C NMR (CDCly):
138.6, 127.5, 126.9 (C¢H,); 126.5 (q, " = 285 Hz, CFy); 79.0 (dq, Ve
=135 Hz, ¥ = 27 Hz, C(CF,(Ph)OH)); 43, 42.5 (d, d, ¥cp = 10 Hz,
2Jcp = 9 Hz, CH,N). MS (chemical ionization with NH,, m/e): MH*
(46%).

Synthesis of 10 from 11. A 0.35-mL aliquot of a 1.6 N solution of
CH,Li in ether is added dropwise to 0.102 g (0.51 mmol) of 1in 10 mL
of THF at -45 °C to give 11 (*'P NMR (THF): § 4.5). A 0.100-g
(0.57-mmol) sample of 6 in 5 mL of THF is added to the reaction
mixture at —45 °C to give 12, which is immediately hydrolyzed by about
0.5 mL of H,O. The solvent is pumped away, and the crude mixture is
washed with 3 X 10 mL of toluene. The toluene is evaporated to yield
0.165 g of 10 (87%).

Registry No. 1, 64317-97-1; 2, 64317-99-3; 6, 434-45-7; 9, 112460-
78-3; 10, 112460-80-7; 11, 112460-81-8; 13, 112460-79-4.
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Emission Properties of Tetrahedral M(dppp), Complexes (M
= Pd, Pt). Crystal and Molecular Structure of Pt(dppp),

Pierre D. Harvey, William P. Schaefer,* and Harry B. Gray*
Received September 18, 1987

Reports on the electronic spectroscopy and photochemistry of
d' ML; and d'°-d'® M,L¢ (L = P-donor) complexes have recently
appeared.!”? Absorptions attributable to p +— d transitions have
been identified, and the lowest emissive excited states have been
assigned ([(d,y,dx2,2)*(p2)'], MLy; *[(do*)!(po)'], M,Le).> Most
of these complexes possess long-lived excited states that are capable
of undergoing photooxidative substitution with elimination of a
phosphine ligand. In particular, the mononuclear and binuclear
palladium complexes photoreact readily with halogenated hy-
drocarbons and aromatic compounds to produce oxidized species
in which two electrons per metal atom have been transferred.!

Little is known about the effects of structural perturbations on
the excited-state lifetimes and energies of d'© species. For this
reason, we have measured the lifetimes and electronic spectra of
M(dppp), (M = Pd, Pt; dppp = bis(diphenylphosphino)propane)
complexes in the solid state and in fluid solutions at room tem-
perature and at 77 K, and comparisons of these properties to those
of trigonal-planar (d!°® ML,) species have been made. In con-
nection with this work, the structure of Pt(dppp), has been de-
termined by X-ray crystallography.

Experimental Section

Materials. K,PtCl, and K,PdCl, (Aldrich) and triphenylphosphine
and dppp (Strem) were used without further purification. M(PPh;),* and
M(dppp),* (M = Pd, Pt) were prepared according to standard proce-

(1) Caspar, J. V. J. Am. Chem. Soc. 1985, 107, 6718.
(2) Harvey, P. D,; Gray, H. B. J. Am. Chem. Soc., in press.
(3) Ittel, S. D. Inorg. Synth. 1976, 17, 117.
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