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Figure 2. Space-filling models of [(bpy)Re'(CO);NC(CH,;),CH;]* showing the maximal degree of overlap between the alkyl chain and the bpy ligand.
(A)n=5(B)n=29:(C)n=13 The view in all cases is from the top along the CN-Re axis. The bpy is at the bottom of the figure and one of

the CO’s is visible on the upper left.

make contact with the bpy; thus, no perturbation of the decay
results. Medium-length chains can interact to varying degrees
depending on the chain length. Longer chains can completely
cover one bpy face.

Solvent shielding by intramolecular foldback is supported by
examination of space-filling molecular models. Figure 2A shows
a model for the n = 5 case where the alkyl chain was folded to
give maximum proximity or contact with the exposed bpy face.
In this case there is little or no actual contact between the two
portions, and the degree of shielding is minimal. Figure 2B shows
the same view for n = 9 where roughly 50% of the face is shielded
from solvent contact. Finally, Figure 2C shows the n = 13 case
where the one bpy face is virtually completely shielded from the
solvent. Further increases in n have no appreciable effect on the
degree of solvent shielding of the bpy.

The changes in 7 exactly mirror the degree of solvent shielding
predicted by the molecular models. For n < 5, there is no
shielding, and 7 is independent of n. Starting around n equal 6
to 7, shielding can occur and 7 increases. For n = 13, 100%
coverage of one face can occur and 7 is again independent of n,
but at a different value than for the earlier plateau. For inter-
mediate »'s where the degree of coverage depends on chain length,
7 varies rapidly with n. For example, at n = 9, the models show
that about half of the bpy face is covered, and the 7’s for ace-
tonitrile and pyridine are almost exactly halfway between the
unshielded and fully shielded plateaus.

If this model is correct anything that perturbs the degree of
chain foldback should alter the excited-state lifetime. We reasoned
that we should be able to pull the longer hydrophobic chains away
from the bpy face by forming alkyl cyclodextrin (CD) inclusion
complexes. The driving force for such complexation is dis-
placement of water from the hydrophobic CD cavity.? We find
that a- and 3-CD Re(l) inclusion complexes do form, and the
lifetime and degree of shielding of the excited state from external
quenchers varies in a manner consistent with our model.

The good correspondence between 7 and the fractional coverage
of the bpy chromophore, assuming a maximal interaction of the
alkyl chain, suggests a strong driving force for foldback. We would
expect this driving force to depend on solvent hydrophobicity, and
we do observe changes in the detailed shapes and breakpoints of
the curves for different solvents, but the effect is not large. These
results support a remarkably strong specific alkyl chain-bpy in-
teraction even in such a nonpolar solvent as toluene.

In conclusion, we present evidence for an intramolecular
shielding effect on excited-state properties for a transition-metal
photosensitizer. This effect arises from self-foldback of long alkyl
chain ligands onto the bpy chromophore, thereby shielding part
or all of one bpy face from the solvent. This intramolecular
hydrophobic sheath may prove useful in enhancing luminescence

(5) (a) Bender, M. L.; Komiyama, M. React. Struct;: Concepts Org.
Chem. Springer-Verlag: Berlin, Heidelberg, 1978; Vol. 6. (b) Saenger, W.
In Inclusion Compounds; Atwood, J. L., Davies, J. E. D., MacNicol, D. D,
Eds.; Academic Press: London, 1984; Vol. 2. (c) Szejtli, J. In Inclusion
Compounds, Atwood, J. L., Davies, J. E. D, MacNicol, D. D., Eds.; Academic
Press: London, 1984; Vol. 3; 332. (d) Bergeron, R. J. In Inclusion Com-
pounds; Atwood, 1. L., Davies, J. E. D., MacNicol, D. D., Eds.; Academic
Press: London, 1984; Vol. 3.

properties and in controlling excited-state electron- and energy-
transfer processes as well as back-electron-transfer reactions.
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A radical pair mechanism for the hydrogenation of unsaturated
substrates by mononuclear transition-metal hydrides has been
demonstrated by the occurrence of chemically induced dynamic
nuclear polarization (CIDNP)."* In this mechanism, an M*,R*
radical pair forms by H atom transfer, eq 1, and leads to the

MHIL.,
MHL, + )= = M*R* —— RH + M,L,, (1)

observed CIDNP through singlet—triplet mixing and spin selective
reactions. The reactant and product resonances in these reactions
show net polarization which is explained by the difference in g
values of the radical pair components, M* and R*.! In this paper,
we report that CIDNP also occurs in the hydrogenation of alkynes
by Rh,H,(CO),(dppm), (1) but that the basis for CIDNP in this
system is different, involving an extraordinary metal-centered
biradical .®

Complex 1 reacts rapidly with PhC=CH in C,D, under H,
to give ~ 1 equiv of styrene and an intense blue complex, 2, which

(1) Halpern, J.; Sweany, R. L. J. Am. Chem. Soc. 1977, 99, 8335,

(2) (a) Nalesnik, T. E.; Orchin, M. Organometallics 1982, [, 222-223, (b)
MNalesnik, T. E.; Orchin, M. J. Organomet. Chem. 1981, 222, C5.

(3) (a) Connolly, J. W. Organometallics 1984, 3, 1333, (b) Thomas, M.
J.; Shackleton, T. A.; Wright, S. C.; Gillis, D. J.; Colpa, J. P; Baird, M. C.
J. Chem. Soc., Chem. Commun. 1986, 312.

(4) (a) Bockman, T. M.; Garst, J. F; King, R. B;; Marko, L.; Ungvary,
F. J. Organomet. Chem. 1985, 279, 165. (b) Garst, J. F.; Bockman, T. M.;
Batlaw, R. J. Am. Chem. Soc. 1986, 108, 1689,

(5) Woodcock, C.; Eisenberg, R. Inorg. Chem. 1984, 23, 4207.

(6) A metal-centered biradical, *(OC),ReP PRe(CO),", has recently been
proposed but its reaction chemistry is similar to that of related monoradicals.
Lee, K.-W.; Hanckel, J. M_; Brown, T. L. J. Am. Chem. Soc. 1986, 108, 2266.
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Figure 1. 'H NMR spectra at 400 MHz for the reaction of Rh,H,-
(CO),(dppm), (1) with PhC==CH in C¢D¢ under H, during the first 5
min of reaction. The resonances labeled (a) are due to the product
complex 2. The peak (X) which is truncated in the later spectra is due
to benzene-ds.

shows NMR resonances characteristic of an unsymmetrical alk-
yne-bridged A-frame structure, eq 2.” Complex 2 slowly converts
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to the more stable isomer containing a u,,7%-alkyne bridge which
has been reported previously along with the isomeric vinylidene
complex Rh,(u-C=CHPh)(CO),(dppm),.! The addition of
hydrogen to PhC==CH in (2) is predominantly cis as evidenced
by relative amounts of isotopomers formed when using either 1
+ PhC==CD under H, or Rh,D,(CO),(dppm),, 1-d,, + PhC=CH
under D,. Reaction similar to (2) occurs with a variety of alkynes
including MeC=CH, (-BuC=CH, EtOC=CH, HC=
CCOOMe, HC=CCH,0H, and CH;C=CCH,0H, leading in
each case to formation of the corresponding olefin and an intensely
colored complex analogous to 2.

In all of these reactions, CIDNP is seen as shown in Figure
1 for eq 2. The most striking aspects of the observed CIDNP of
Figure 1 are the strong absorption/emission (A/E) multiplet effect
of the trans proton (8 5.06; Jyy = 11, 1 Hz) of the product styrene,
the unusual A/E/A/E multiplet effect of the geminal proton (3
6.57; Juy = 18, 11 Hz), a weak and variable multiplet effect in
the cis proton resonance (6 5.59; Jyy = 18, 1 Hz), and the absence
of a net effect. Also seen is the resonance for dissolved H, (3 4.42)
which shows an initial intensity 3 times greater than its long-term
value. The reaction between EtOC=CH and 1 produces com-
pletely analogous CIDNP results with little polarization of the

(7) Typically, 10 mg (0.01 mmol) of 1 is dissolved in 0.5 mL of C¢Dg under
H; in an NMR tube sealed with a septum. Addition of PhCCH (3 uL, 0.03
mmol) by syringe is followed immediately by placement in the probe of a
Bruker WH-400 400-MHz NMR spectrometer. Spectroscopic data for 2. 'H
NMR (CEDG) —CH,- region: 4 3.77 (m, 2 H), 2.64 (m, 2 H) witha geminal
coupling 2Jy;y; of 12 Hz. 3'P{'H} NMR: §23.0 (m) and 26.4 (m). *C{'H}
NMR for alkyne carbons: 150.1 (m, width ~70 Hz, PhCCH) and 174.]1 (m,
width ~70 Hz, PhCCH) with assignments made by using specifically labeled
PhCCH.

(8) Berry, D. H.; Eisenberg, R. J. Am. Chem. Soc. 1985, 107, 7181.
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Figure 2. 'H NMR spectra at 400 MHz showing CIDNP of the styrene
resonances for eq 2 under H,. (a) 1 + PhC=CH; (b) 1 + PhC="*CH;
(¢) 1 + PhI3C=CH; (d) 1 + PhAC=CH + Ph!3C=CH; () 1 + PhC=
CD.

cis proton resonance of the product olefin. In the reaction of 1
with other alkynes, the cis proton resonance shows different degrees
of polarization, while the trans and geminal protons exhibit strong
multiplet effects similar to those of Figure 1. These results indicate
that a radical pair mechanism is followed in the hydrogenation
of alkyne by 1, and Ag of the radical pair must be near zero to
explain the absence of net effects in the observed CIDNP.>'2 We

can thus rule out a mechanism based on a M*,R" radical pair
similar to that invoked in previous studies using mononuclear
transition-metal hydrides.!™

In order to probe the basis of CIDNP in eq 2, a series of labeling
experiments was performed, the results of which are shown in
Figure 2. Trace 2a corresponds to the initial spectrum seen in
Figure 1. When either PhC="CH or Ph!3*C==CH is used as the
alkyne in (2), large coupling is seen between the '*C nucleus and
the styrene proton(s) attached to it, but as shown in spectra b and
¢ of Figure 2, no polarization occurs in the CIDNP due to !3C
hyperfine. Spectrum b, Figure 2, also exhibits particular en-
hancement of the H, absorption and a very slight net effect of
the styrene trans and geminal resonances. In Figure 2c the
downfield half of the *C-coupled geminal resonance at 8 6.57 is
obscured by aromatic proton resonances, while from Figure 2d
a value of 155 Hz is obtained for the 'Joy coupling by using a
mixture of Ph!3C=CH and PhC=CH in eq 2. Spectrum c,
Figure 2, also shows a small resonance at § 6.52 due to the
4z2m*-alkyne bridged complex” which grows in slowly.

Deuterium labeling reveals a strong multiplet effect in the trans
and geminal protons when PhnC=CD is reacted with 1 (spectrum
e) and no CIDNP when PhC=CH reacts with 1-d,. In the
reaction leading to Figure 2e, a small amount of PhC=CH which
is present accounts for the cis resonance at § 5.59 and confirms
an isotope shift of the trans resonance at § 5.06. The major
conclusions from these labeling studies are the following: (1) no
polarization occurs for 'H and '*C nuclei which are part of the
alkyne substrate throughout the course of the reaction, and (2)
the only styrene protons showing polarization are those which
originated on the binuclear complex Rh,H,(CO),(dppm), (1).

Both the absence of polarization due to *C hyperfine in spectra
b—d, Figure 2, and the cis addition of hydrogen to Ph\C==CH argue
strongly against styrenyl radicals as components of the radical
pair responsible for the CIDNP effect. This conclusion is further
supported by the fact that efforts to block CIDNP by trapping
styrenyl radicals with dihydroanthracene, 1,4-cyclohexadiene, and
cumene have been unsuccessful. Moreover, when 1-d, and
PhC=CD are reacted in the presence of a 20-fold excess of

(9) Lepley, A. R,; Closs, G. L. Chemically Induced Magnetic Polarization;
Wiley: New York, 1973,

(10) Ward, H. R. Acc. Chem. Res. 1972, 5, 18-24. Lawler, R. G. Acc.
Chem. Res. 1972, 5, 25-31.

(11) Kaptein, R. Adv. Free Radical Chem. 1975, 5, 319.

(12) Closs, G. L. Adv. Magn. Reson. 1974, 7, 157.
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cumene, no styrene containing olefinic protons is observed.
The results of our experiments lead us to the inescapable
conclusion that the radical pair responsible for CIDNP in the
reaction of 1 with alkynes must be a metal-centered biradical
(MCBR). The major polarizations we see only occur in the
hydrogens originally on 1. For a pure multiplet effect, Ag of the
radical pair must be zero, but a radical pair based on styrenyl
radicals is totally inconsistent with experiment. We therefore
propose that 1 rapidly and reversibly forms a biradical isomer 3
which undergoes singlet—triplet mixing and spin-selective reaction
to produce CIDNP. The “singlet” reaction channel of 3 is re-
combination to 1, whereas the escape or “triplet” channel corre-
sponds to reaction with RC=CH, as shown in eq 3.1* Application

\plh_. — :plh'——'-pl
2 == /
1 H

/ 3

Hy+ —Rh——RN— —-th—th—- * CH==CH,

R
RC:CH\ /RCECH

RR(RC=CH)RN

\:CICH
|

|
— RN
|

3,

(3)

of Kaptein’s rule for multiplet effects based on this analysis leads
to the prediction of A/E polarization of the geminal and trans
resonances in accord with our observations.!* That the addition
of H, to the alkyne occurs with predominantly cis stereochemistry
and very little or no net effect indicates that the biradical 3
transfers its H atoms to RC=CH in an essentially concerted
manner.

To our knowledge this is the first example of CIDNP based
on a metal-centered biradical. Our CIDNP results may be
compared with those of Closs and Kaptein for organic biradicals
in which singlet—triplet mixing occurs by either a spin-sorting
mechanism as is seen in the present study or by T_~S mixing which
leads to emission effects exclusively.!® The latter is dominant
when the exchange integral J, which reflects the singlet—triplet
splitting, is large and comparable to the Zeeman splitting; our
results suggest that in the case of 3, J is relatively small. Further
experimental and theoretical work on biradicals such as 3 is
needed.

While the present study is the first to recognize the MCBR
for producing CIDNP, one other report involving a polynuclear
transition-metal organometallic compound shows similar effects.!¢
Specifically, Bergman et al. find multiplet effects in the hydro-
genolysis of Cos(CQ)g(u3-CCH,-2-Bu) to give t-BuCHCH, with
polarization only in the protons originating from H,.16 We think
that that reaction may also proceed via a metal-centered biradical,
and we suggest that MCBR mechanisms which are difficult to
detect may occur more commonly in reactions involving polynu-
clear transition-metal hydrides.
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Transition-metal complexes of the general class L,M(H)(=X)
(X = CH,; C = CH,, O) are of interest as models for reactive
intermediates in a variety of catalytic processes. Hydrido al-
kylidene complexes, generated by a 1,2-hydrogen shift from metal
alkyls, have been postulated to play an important role in the
metathesis and polymerization of olefins,! while surface-bound
vinylidene species have been detected? and recently proposed to
account for linear /branched hydrocarbon distributions in Fisch-
er-Tropsch synthesis.> The third member of the class described
here, L M(H)(=0), is of fundamental importance in reactions
involving H,O, O,, or peroxides. Although an example of an oxo
hydride has not previously been reported, several oxo alkyl species
have been characterized recently.*

We have described the preparation of a number of per-
methyltantalocene derivatives and commented on the remarkable
stability conferred by two pentamethylcy¢lopentadienyl ligands.’
This important facet and a general reluctance for permethyl-
metallocene derivatives to undergo oligomerization processes have
allowed us to prepare and investigate the reaction chemistry of
a number of monomeric hydrido derivatives of general formula,
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