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Table II. Salt Effect on the Reactivity of O, as a Nucleophile
0,

i Reacti PP — @
in the Reaction 3 280 °C. THE 4 (2)
M*x-b 4 3*PF,"
without 100 0
K*PF," + 18-6 (stoich) 60 40
K*PF," 30 70
Na*PT," 0 100

% See also eq 5 and 6. Percent of 4 and 3*PF, " determined by
weight (reactions are immediate). ? Concentrations of both 3 and
the salt in THF (30 mL) are 0.067 mol L™!; Na*PF " produces the
same salt effect in DME.

dark-red C-H activation products are thermally unstable above

-50 °C but reaction with PhCOCI at =80 °C (3 h) gives the

benzoylation product even in the case of the most unstable parent

complex CpFe!'(n>-C¢H;~CH,) (eq 4). In this later case, a

CpFel(n®-CgHsCH3)
+

1
%02

Na*PFg~ + 6 -
——— CpFe (9  -CgHsCH3)PFg +

__THE | 72Nap0, (4)
-80 *C

11
Lo CoFe™(9®-CeHs CHa) + ,H,0, 2205

CpFe'(n® -CgHsCHLCOPhICI

{'H}1*C NMR spectrum recorded at 80 °C subsequent to reaction
between 1/, mol of O, and CpFe!(C;,HsCHa) in toluene-ds at =80
°C and filtration reveals the presence of the uncoordinated cy-
clohexadienyl carbon (6 135 vs. Me,Si).1°

Orange dimeric peroxides®!! are characterized in the cases of
the reactions of CpFe!(C¢H,) and CpFel(1,3,5-t-Bu;C¢H3) and
!/, mol of O; in the absence of NaPF (80 °C, fast) (eq 5). Thus

CDFez(ﬂe‘CngRg)
R = H or CMe,
+

Nu+PF5_ +, 6 - 1
— CpFe (5°-CgHaR3)PFg + /Na0;

1 THF
7202 —go

[CpFe(5°-CeHaR30-)], (5)

it turns out that a stoichiometric amount of NaPF¢ in THF
solution changes the course of the reactions in the case of benzylic
C-H activation as well as in the case of the formation of dimeric
neutral peroxides. If only !/, mol of NaPF; is added to a THF
solution of 1, addition of !/, mol of O, at —80 °C leads to the
formation of !/, mol of 2 and !/, mol of 1* PF¢™ + !/, mol of
Na,0,. This salt effect!? is confirmed by using other salts such
as KPF,, n-Bu,;NPF,, NaBF,, and NaF (Table I) in the reaction
of O, with 1. Whereas the salt effect is “quantitative” with NaPF,
it decreases as the size of the cation increases and as the size of
the anion decreases. Similar observations were obtained in the
formation of 4 from 3 (Table II). Along this line, the salt effects
on both reactions are inhibited by the presence of the suitable
crown ether (18-6 with K*). Note that since 18-crown-6 is
required in reactions of KO, in THF, salt effects could not be
observed before this strategy to generate O, was developed.
These data are obviously in agreement with O, as intermediate
in both the C-H activation and the formation of dimeric peroxide.
This conclusion is also supported by the characteristic EPR spectra

(10) *C NMR data for CpFe!(n*-C;Hs=CH,) (C4DsCD,, -80 °C) 134.8
(C uncoordinated), 91.4 (p-C), 80.6 (m-C), 52.5 (0-C), 72.5 (Cp), 73.2 (CH,).
CpFe*(#°-C¢HsCH,COPh)PF,~ 'H NMR (CD;COCD;) 7.70 (m, Ph, 5 H),
6.50 (s, C¢Hs, 5 H), 5.26 (s, Cp, 5 H), 4.86 (s, CH,, 2 H); )C NMR
(CD;CN) 196.7 (CO), 137.3, 135.2, 131.0, 129.8 (Ph), 101.6 (C quaternary
C,H,), 91.2, 90.5, 90.0 (p-, m-, 0-, C¢Hs), 41.7 (CH,), 78.8 (Cp).

(11) [CpFe(n*-C¢HsO-)]; 1*C NMR (C¢Dy) 72.8 (Cp), 79.8 (p-C), 77.9
(m-C), 73.3 (sp*C), 37.1 (0-C). [CpFe(n’-C¢H;Bu;/O-)], 'H NMR (C¢D¢)
4,10 (s, Cp, 5 H), 5.43 (s, m-H, 2 H), 3.92 (s, CHO, | H), 1.55 (s, CH;, 18
H), 1.50 (s, CHj, 9 H); 1*C NMR (C¢Ds, 15 °C) 74.9 (Cp), 88.0 (p-C), 77.9
(m-C), 53.9 (0-C), 37.9 (p-C(CH3)3), 37.6 (0-C(CH,)3y), 74.7 (sp*C), 37.9,
37.6 (C(CHy)y).

(12) For useful discussions of salt effects, see: Gordon, J. E. “The Organic
Chemistry of Electrolyte Solutions”; Wiley: New York, 1975.
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[(CpFeHarene)+ O, ]+ [M*X"] = [(CpFellarene)” X] + [M* 0,"]

large small small large large large small small
{ { {
deprotonation or nucleophilic attack precipitation dismutation
{
precipitation
(6)

of O,™ in frozen THF solution in the presence or absence of NaPF,
and/or of benzylic hydrogen(s).'?

The present observations indicate that ion exchange due to their
relative sizes occurs in the ion pairs as shown in eq 6, this process
being faster than reaction of O, in the cage.

Additional driving forces shifting this equilibrium to the right
are (i) the alkali-cation-induced disproportionation of superoxide
to peroxide!# and (ii) the precipitation of both Na,O, and the
organometallic PFq salt. However the competition between the
interaction of the alkali cation with its counteranion and with O,
is the major factor in view of the considerable variation of salt
effects obtained upon changing either the alkali cation or its
counteranion (Tables I and II).
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(13) O, was allowed to diffuse slowly into EPR tubes containing frozen
THF or DME solutions of the CpFe! (arene) complexes at 173—-180 K (arene
= C4H,, C¢HCH,, C4(CH;)g) in the presence or absence of Na*PFg™. Inall
these cases, the spectrum of O,™ was obtained (77 K, g, = 2.091, g, = 2.005).
See also ref 3b and Sc.

(14) It is known that disproportionation of superoxide radical anion to
peroxide is catalyzed by protons or transition-metal ions, as, for instance, in
superoxide dismutase (SOD).2*? We are not aware of precedents indicating
that alkali cations can also effect this process, but we propose that this is so
in our system. Alternatively, O, could be reduced by the Fe! complex, a
thermodynamically unfavored process that would require an overpotential of
ca. 06 V.
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Electron-transfer processes involving excited-state quenching
in which “electron—electron hole separation” is achieved are an
important initial step in many redox photosensitization schemes'
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Rev. 1982, 46, 159.

© 1983 American Chemical Society



Communications to the Editor

A +
80 K (bDy)Re(CO)3(MeQ)2

1000 in EtOH/ MeOH

RELATIVE EMISSION INTENSITY

0 T ) T + T t T

500 600 700
WAVELENGTH (nm)

Figure 1. Corrected emission spectra for [(bpy)Re(CO)y(MeQ)]?* as the
PF¢~ salt in 4:1 ethanol/methanol, bubble degassed with dry N,. Notice
the difference in vertical scales between the 80 K and the 160 and 295

K spectra. Concentration of complex is ~1 mM. A, = 380 nm. Note
ref 8a. (A) At 80 K, (B) at 160 K, (C) at 295 K.

(eq 1). Related but intramolecular phenomena have been ob-
Ru(bpy)s**" + PQ** — Ru(bpy)s** + PQ* 1

(bpy is 2,2’-bipyridine;
PQ?* is N,N’-dimethyl-4,4’-bipyridine)

served in complexes where the redox quenchers are chemically
linked to the chromophore,?’ e.g., [(bpy),Rull(MeQ*),]**. Such
chromophore—quencher complexes are attractive candidates for
the development of chemical systems that display directed
charge-transfer characteristics or in which intramolecular sen-
sitization occurs at a second, possibly catalytic site.*

From the synthetic point of view an attractive system for such
studies is based on complexes of the type [(bpy)(CO);RelL]*
where the background synthetic chemistry and the properties of
the 7*(bpy) + dw(Re') (MLCT) charge-transfer excited states
have been investigated, most notably by Wrighton and co-workers.>
We have used procedures developed in their work to prepare the
new intramolecular “chromophore-quencher” complexes
[(bpy)Re(CO);L]%* (L = N-methyl-4,4-bipyridine (MeQ™),
N-benzyl-4,4"-bipyridine (BzQ*)) and report here in a preliminary
fashion on the existence of three remarkable photophysical
properties: (1) the appearance of a well-defined, low-energy
vibrational progression in emission spectra, (2) the appearance
of a short-lived emission attributed to MLCT “fluorescence”, and
(3) the existence of an intramolecular electron-transfer quenching
that is “triggered” by the change in solvent orientational mobility
associated with the glass — fluid transition.

Cyclic voltammograms of the complexes as PF,~ salts in 0.1
M {NEt,;]ClO,/acetonitrile solution show the expected largely
irreversible Re'!/T couple’ at Epe, ™ = +1.85 V vs. the saturated
sodium chloride calomel electrode (SSCE). Reversible reductions
are observed at Ey;, =-0.71 V and ~0.68 V for L = MeQ* and

(2) Sullivan, B. P.; Abruna, H, D.; Finklea, H. O.; Salmon, D. J.; Nagle,
J. K.; Meyer, T. J.; Sprintschnik, H. Chem. Phys. Lett. 1978, 58, 389.

(3) (a) Ho, T. F.; Mclntosh, A. R.; Bolton, J. R. Nature (London) 1980,
286, 254, (b) Nishitani, S.; Kurata, N.; Sakata, Y.; Misumi, S. Tetrahedron
Letz. 1981, 22, 2099. (c) Bergkamp, M. A; Dalton, J.; Netzel, T. L. J. Am.
Chem. Soc. 1982, 104, 253.

(4) (a) Gelroth, J. A,; Figard, J. E.; Petersen, J. D. J. Am. Chem. Soc.
1979, 101, 3649. (b) Nagle, J. K,; Bernstein, J. S.; Schmehl, R. H.; Meyer,
T. J. Chem. Phys. Lett. 1981, 81, 48.

(5) (a) Wrighton, M. S.; Morse, D. L. J. Am. Chem. Soc. 1974, 96, 998.
(b) Luong, J. C. Ph.D. Thesis, Massachusetts Institute of Technology, Cam-
bgidge, MA, 1981. (c) Caspar, J. V.; Meyer, T. J. J. Phys. Chem. 1983, 87,
952,
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BzQ, respectively, which are centered on the pyridinium ligand.
They are followed by bpy-based reduction waves at =1.13 V and
-1.18 V, respectively. UV-vis absorption spectra in acetonitrile
solution are dominated by the usual metal-to-ligand charge-
transfer (MLCT) bands (z*(bpy) < d=(Re'))* at 339 nm for L
= MeQ* and at 342 nm for BzQ*. Ligand localized transitions
also occur but at higher energies as reported by Wrighton and
co-workers.$

The existence of the three unusual features mentioned above
are illustrated by the emission spectra for the complex [(bpy)-
Re(CO);MeQ]?* in 4:1 ethanol/methanol shown in Figure 1. At
80 K emission from [{bpy)Re{CO);MeQ]?* and related Rel(bpy)
complexes is dominated by radiative decay from a bpy-based,
largely “triplet” metal-to-ligand charge-transfer (MLCT) excited
state or states,” (bpy )Re!l(CO),L* — (bpy)Re(CO),L*.

From the figure a striking feature in the first two spectra is
the appearance of the well-resolved and extensive vibrational
structure with average vibrational spacings of ~630 cm™'.%
Similar progressions exist for a series of complexes of the type
[(bpy)Re(CO);L]* (L = PPh,, 4-ethylpyridine, 4,4’-bpy) and
[(bpy),Os(CO)L]?*% and their origins may lie in a §(M-C-0)
bending vibration® of the Re—~CO groups. Somewhat related
progressions have been observed in MLCT absorption'® and UPS
spectrall of other carbonyl-containing compounds and by Tutt
et al. in the low-temperature emission spectrum of W(CO)spy (py
is pyridine).1?

For the complexes [(bpy)Re(CO);L]**, L = MeQ* and BzQ*,
a dramatic decrease in lifetime (for L = BzQ* 4841 £ 41 ns at
80 K to <20 ns at 150 K) and emission intensity for the bpy-based
MLCT state is observed at temperatures above the glass — fluid
transition (>130 K).!* For [(bpy)Re(CO);BzQ]?* the loss of
emission from the MLCT state (A, = 508 nm) is paralleled
by the appearance of a weak, red-shifted (A,,, = 620 nm) emission
that has a nearly temperature independent lifetime of ~1715 +
369 ns in the fluid from 130 to 220 K. For [(bpy)Re(CO);-
(MeQ)]?* excited-state distortions in the MLCT state are ap-
parently greater and, as shown in part C of the figure, the SMLCT
and ~620-nm emissions overlap. The appearance of the weak,
red-shifted emission is indicative of an intramolecular, electron-
transfer quenching process followed by emission from the lower,
BzQ*-based MLCT state, [(bpy)Re!’(CO);(BzQ)]** —
[(bpy)Re!(CO);(BzQ™)]2* 2= [(bpy)Rel(CO);(BzQ)]?** 2

The *MLCT(bpy) — *MLCT(BzQ) transition appears to be
triggered by the enhanced orientational mobility associated with
the glass — fluid transition. In a Lexan (polycarbonate resin)
film at room temperature the strong *MLCT(bpy) luminescence
is unquenched. In addition, in the film the emission maximum
at ~520 nm is constant from 80 to 290 K, and the lifetime at
room temperature (1538 + 8 ns) is comparable to the lifetime
in the EtOH/MeOH glass. An important component of the glass

(6) (a) Fredericks, S. M.; Luong, J. C.; Wrighton, M. S. J. Am. Chem.
Soc. 1979, 101, 7415. (b) Giordano, P. J.; Fredericks, S. M.; Wrighton, M.
S.; Morse, D. L. J. Am. Chem. Soc. 1978, 100, 2257.

(7) Note that the terms “triplet” and “singlet” are only useful in a relative
sense. Spin—orbit coupling gives rise to considerable mixing of the “pure”
singlet and triplet states in related complexes of osmium. See: Kober, E. M.;
Meyer, T. 1. Inorg. Chem. 1982, 21, 3967. Kober, E. M. Ph.D. Thesis,
University of North Carolina, 1982.

(8) (a) In order to observe the vibrational structure the solvents must be
rigorously dried (distilled from the corresponding magnesium alkoxide).
Structured emissions have also been observed in 2-MeTHF glasses, frozen
methylene chloride solutions, and a Lexan film at room temperature. (b)
Westmoreland, T. D.; Le Bozec, H., unpublished results.

(9) Brown, R. A,; Dobson, G. R. Inorg. Chim. Acta 1972, 6, 65.

(10) Trogler, W. C.; Desjardins, S. R.; Solomon, E. 1. Inorg. Chem. 1979,
18, 2131.

(11) Hubbard, J. L.; Lichtenberger, D. L. J. 4m. Chem. Soc. 1982, 104,
2132,

(12) Tutt, L.; Tannor, D.; Heller, E. J,; Zink, J. I. Inorg. Chem. 1982, 21,
3859

(13) [(bpy)Re(CO);(4-Et(py))]* shows a less dramatic decrease in lifetime
(4440 £ 9 ns at 80 K to 244 =+ 1 ns at 180 K) and a shift to a lower emission
energy as the solvent melts. This decrease in lifetime with emission energy
is quantitatively consistent with the energy-gap law for radiationless decay
(ref Sc: Caspar, J. V.; Kober, E. M.; Sullivan, B. P.; Meyer, T. J. J. Am.
Chem. Soc. 1982, 104, 630).
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— fluid triggering effect is, no doubt, the necessity of the two
aromatic rings of the quencher ligand to assume a coplanar ar-
rangement before quenching can occur. In the methyl substituted
complex [(bpy),0s(CO)N,3,3’-trimethyl-4,4’-bipyridine]3*,
flattening can not occur because of steric repulsion; electrochemical
measurements show that the pyridinium-based reduction is at
-1.06 V vs. SSCE, and intramolecular quenching of the
SMLCT(bpy) state in fluid solution is not observed.®® The
analogous Re complex is currently under investigation.

The third novel feature in the figure is the appearance of clear
evidence for a broad, higher energy luminescence at 400525 nm.
It seems clear that the higher energy emission must occur from
a “singlet” analogue of the *MLCT(bpy) state on the basis of the
following evidence: vibrational progressions for both high- and
low-energy emissions are nearly the same within experimental error
and lifetime studies show that even at 80 K the lifetime of the
higher energy emission is <20 ns.

It has been suggested that a !MLCT(bpy)-based emission does
occur following excitation of Ru(bpy);2* on the basis of the results
of lifetime studies,'# but the emission spectra shown here provide
direct spectral evidence for such an emission for this type of
chromophore. Our ability to observe the fluorescence so clearly
in cold fluid solution is a direct consequence of intramolecular
quenching of the relatively long-lived *MLCT (bpy) state by bound
BzQ* or MeQ*. At 80 K we estimate that &,,(‘MLCT)/®,,,-
(®MLCT) = 0.02. By 160 K, the intensities of the two emissions
are comparable as shown in part B of the figure. It appears that
at low temperature where intramolecular quenching by BzQ* or
MeQ* is unimportant, the absolute radiative efficiency from the
IMLCT(bpy) state is low, suggesting that “fluorescence” competes
unfavorably with “intersystem crossing”, 'MLCT(bpy) —
3SMLCT(bpy), which is known to be the case for Ru(bpy);** at
room temperature.!®
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Inorganic and organometallic complexes of first row transition
metals are more labile than their second and third row analogues,!
and consequently they should exhibit relatively enhanced reactivity.
Often, however, second and third row metal compounds have no
first row counterparts, and in many instances this may be at-

(1) Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”, 4th ed.;
Wiley-Interscience: New York, 1980; Chapters 20, 28.
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Figure 1. Structure of CrMe,(dmpe),. Important bond lengths (A) and
angles (deg): Cr(1)-C(3), 2.168 (4); Cr(1)-P(1), 2.342 (1); Cr(1)-P(2),
2.349 (1); Cr(1)-C(3)-H(31), 121 (2); Cr(1)-C(3)-H(32), 108 (3);
Cr(1)-C(3)-H(33), 108 (2); P(2)-Cr(1)-P(1), 82.7 (1); C(3)-Cr(1)-
P(1), 87.2 (2); C(3)-Cr(1)-P(2), 89.6 (2).

tributed to the increased labilities of the latter, which make de-
composition pathways more accessible. In particular, apart from
some carbonyl species, phosphine derivatives of the early first row
metals are rare.> We now report some chromium complexes of
the chelating phosphine ligand 1,2-bis(dimethylphosphino)ethane
(dmpe), notably the first example of a mononuclear Cr! alkyl,
a Cr!¥ hydride, and the first stable Cr° dinitrogen complex to be
fully structurally characterized, unlike previous examples that have
been observed in solution.?

Evidence for the formation of adducts of divalent chromium
halides with phosphine ligands is tenuous.>* However, the in-
teraction of CrCl,(thf)® with 2 equiv of dmpe in toluene rapidly
yields a bright yellow-green solution, from which large prisms of
CrCl,(dmpe),® may be isolated. This complex is paramagnetic
with a magnetic moment of 2.76 ug in solution at room tem-
perature, indicating a low-spin d* configuration.

The only two neutral Cr!! alkyls known are diamagnetic,
quadruply bonded dimers.” By contrast, the alkylation of
CrCly(dmpe), with methyllithium in diethyl ether gives mono-
nuclear, red-orange CrMe,(dmpe),® in high yield. This complex
is also low spin (# = 2.7 ug). The infrared spectrum exhibits a
rather low C-H stretching frequency of 2780 cm™!, which can be
assigned to the CrMe groups. It is likely that the lowering of these
vibrations is associated with the electronic unsaturation (16¢) of
the metal center.

(2) McAuliffe, C. A.; Levason, W. “Phosphine, Arsine and Stibine Com-
plexes of the Transition Elements”; Elsevier: New York, 1979.

(3) (a) Sellman, D.; Maisel, G. Z. Naturforsch., B 1972, 27B, 465-468.
(b) Karsch, H. H. Angew. Chem., Int. Ed. Engl. 1977, 16, 56-57. (c) Sobota,
P.; Jezowski-Trzebiatowska, B. J. Organomet. Chem. 1977, 131, 341-345.

(4) Issleib, K.; Frohlich, H. O. Z. 4norg. Allg. Chem. 1959, 298, 84—99.

(5) Larkworthy, L. F.; Nelson-Richardson, M. H. O. Chem. Ind. (London)
1974, 164-165.

(6) Anal. Caled: C, 34.1; H, 7.66; Cl, 16.7; P, 29.3; Cr, 12.3. Found: C,
34.1; H, 7.55; Cl, 16.4; P, 29.2; Cr, 12.1. Mp 270 °C dec; '"H NMR (PhH-d,
25°C) §-13.1 (PCH,, s, W, = 240 Hz), -33.5 (PMey, s, W, = 310 Hz);
MS, m/e 422 (M*, 1.5%).

(7) (a) Andersen, R. A ; Jones, R. A.; Wilkinson, G. J. Chem. Soc., Dalton
Trans. 1978, 446—452. (b) Hursthouse, M. B,; Malik, K. M. A ; Sales, K.
D. Ibid. 1978, 1314-1318. (c) Kurras, E.; Rosenthal, U.; Mennenya, H.;
Oehme, G.; Engelhardt, G. Z. Chem. 1974, 14, 160-161. (d) Cotton, F. A;
Hanson, B. E.; Iisley, W. H.; Rice, G. W. Inorg. Chem. 1979, 18, 2313-2317.

(8) Anal. Caled: C, 44.0; H, 10.02, P, 32.4; Cl, 0. Found: C, 44.0; H,
10.18; P, 32.9; Cl, <0.4. Mp 195 °C dec; 'H NMR (PhH-d, 25 °C) § 0.9
(PCH,, s, Wy, = 260.Hz), —28.6 (PMe,, s, Wy, = 310 Hz); MS, m/e 387
(M*, 1.7%). ’
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