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Table I. Electron-Transfer Rate Constants for Reduction of Electron
Acceptors, A, by Photogenerated Pd(CNMe);** Radicals

E°(A/AT)
A vs. SCE, V k., M5!
©), (PPQ?*)  -0.13 2% 108
N
az_’N@_@N'_BZ (BV?) -0.36 1% 108
Me—N Oy~ On-me (MVZ) -0.45 3% 107
1. (DCBQ)  -0.18 3 x 107
Ci
o]

by €45 = 50000 M~ ¢cm™!, and recombination of Pd(CNMe),**
to give 1 occurs with a rate constant, k, = 1 X 10° M1 s, The
rate of PdA(CNMe),** recombination thus approaches, within an
order of magnitude, the diffusion-controlled limit in acetonitrile
solution.? The rate of Pd(CNMe),"* recombination is essentially
unaffected by solvent and shows similar rates in MeCN and
CH,Cl, solutions.

A significant finding of this study is that the absorbance of the
d® Pd(CNMe),* radical is both more intense and significantly
red-shifted compared to either the g—o* excitation of 1 or to the
MLCT band of d® M(CNMe),(acetonitrile)2* photoproduct.®!?
We assign the unusually intense transient absorbance of the
Pd(CNMe),* radical to an allowed d — p electronic transition.
A rather similar conclusion was recently reached in the case of
related d'° Pd(0) phosphine complexes.!*

In the presence of electron acceptors, A (A = methylviologen
(MV?"), benzylviologen (BV2*), N,N’propylenephenanthrolinium
(PPQ?*), dichlorobenzoquinone (DCBQ)), photogenerated Pd-
(CNMe),* radicals engage in rapid electron-tranfer reactions.
Flash photolysis of a 1.0 X 10™* M acetonitrile solution of 1 in
the presence of benzylviologen (BV?*) leads to the synchronous
first-order disappearance of Pd(CNMe),"* and appearance of
BV**. The kinetically coupled disappearance of Pd(CNMe),"*
and appearance of BV** clearly imply that PdA(CNMe),* radicals
participate in the electron-transfer process. The rates for electron
transfers from PA(CNMe),* radicals are quite rapid. The electron
transfer rate, k., to BV2* has been determined to be | X 108 M
s”1. The metal-containing product in these reactions is the solvated,
d® mononuclear complex [Pd(CNMe),(NCMe)]?*. Table 1
summarizes the rate constants for reduction of several electron
acceptors, PPQ?**, BV, MV?*, and DCBQ, by photogenerated
Pd(CNMe),* radicals. All electron-transfer rate constants, k.,
were determined by pseudo-first-order kinetics at several con-
centrations of the electron acceptor, A. For the three substituted
viologens, rate constants show an expected decrease from 2 X 10#
(PPQ?) to 3 X 10" M1 57! (MV?*) as the driving force for
electron transfer decreases from E°(PPQ**/**) = -0.13 V to
E°(MV2*/**) = —0.45 V vs, SCE. Whether the acetonitrile solvent
associates with the PA(CNMe),"* fragment prior or subsequent
to the electron-transfer event will be investigated in future studies.

(12) The diffusion-limited rates for Pd(CNMe),* recombination are cal-
culated to be kp = 1.1 X 101 M~! 57! (CH,CN, 25 °C) and kp = 1.4 X 10°
M-1s! CH,Cl,, 25 °C). These values are obtained from the Smoluchowski
and Stokes—Einstein equations, corrected for interionic repulsion,

8RT )
ko = 3y (e‘—l)

where 6 = Z,Zge?/4nwekTd,g. See, for example: Wilkinson, F. Chem. Ki-

netics and Reaction Mechanisms; Van Nostrand Reinhold: New York, 1980.
(13) UV-vis (Apax, nm (€)) (CH;CN): [Pd(CH;NC),][PFg)2, 224 (2200),

275 (200) sh; [Pd(CH;NC);(CH;CN)][2PFg), 226 (1100), 308 (750) sh.
(14) Caspar, J. V. J. Am. Chem. Soc. 1985, 107, 6718.
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The rather potent reducing ability and rapid electron-transfer
kinetics of the photogenerated Pd(CNMe),* radicals make them
attractive candidates for other mediated photoreductions. Re-
cently, photogenerated organometallic radicals have found ap-
plication in the highly quantum efficient photodeposition of metal
films for “laser writing” onto insulating and semiconducting
supports.!®
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The Diels—Alder reaction represents the most efficient means
yet devised for the construction of six-membered carbocyclic rings.?
The unprecedented stereochemical control achievable at multiple
stereocenters, combined with predictable regiochemical control
and a high degree of chemoselectivity, has made this process one
of unparalleled utility in organic synthesis. The obvious need to
extend equally efficient cycloaddition strategies to the construction
of five-membered carbocyclic ring systems has led to many elegant
studies of [3 + 2] annulation processes.> Perhaps the most widely
utilized strategy in this regard is one in which dipolar synthons
are utilized in conjunction with electron-deficient olefins to achieve
net [3 + 2] annulation.3#

Although some notable exceptions do exist,>* these and other
approaches often do not address the important problem of ste-
reoselectivity in generation of functionalized cyclopentanoids via
[3 + 2] annulation strategies. In an effort to develop general [m
+ n] approaches to carbocyclic ring systems that lead to stereo-
controlled syntheses of five-, six-, and seven-membered rings, we
considered the advantages of utilizing dianionic synthons® along
with various dielectrophilic partners. Utilizing this conceptually
novel approach to annulations, one is not necessarily constrained
to generation of a single ring size. Furthermore, we perceived
that significant stereochemical control could be achieved through
intramolecular chelation control’ by appropriate choice of a latent

(1) National Science Foundation Predoctoral Fellow, 1984-1987,

(2) (a) Martin, J: G.; Hill, R. K. Chem. Rev. 1961, 61, 537. (b) Sauer,
J. Angew. Chem., Int. Ed. Engl. 1966, 5, 211. (c) Sauer, J. Angew. Chem.,
Int. Ed. Engl. 1967, 6, 16.

(3) Trost, B. M. Angew. Chem., Int. Ed. Engl. 1986, 25, 1 and references
therein.

(4) (a) Ito, Y.; Nakayama, K.; Yonezawa, K.; Saegusa, T. J. Org. Chem.
1974, 39, 3273. (b) Marino, J. P.,; Landick, R. C. Tetrahedron Lett. 1975,
4531. (c¢) Cutler, A.; Ehntholt, D.; Giering, W. P.; Lennon, P.; Raghu, S.;
Rosan, A.; Rosenblum, M.; Tancrede, J.; Wells, D. J. Am. Chem. Soc. 1976,
98, 3495. (d) Altenbach, H.-J. Angew. Chem., Int. Ed. Engl. 1979, 18, 940.
(e) Noyori, R. Accs. Chem. Res. 1979, 12, 61. (f) Abram, T. S.; Baker,R.;
Exon, C. M.; Rao, V. B. J. Chem. Soc., Perkin Trans. 1 1982, 285. (g)
Baker, R.; Exon, C. M.; Rao, V. B; Turner, R. W. J. Chem. Soc., Perkin
Trans. 1 1982, 295. (h) Abram, T. S.; Baker, R.; Exon, C. M.; Rao, V. B,;
Turner, R. W. J. Chem. Soc., Perkin Trans. 1 1982, 301. (i) Marino, J. P.;
Laborde, E. J. Am. Chem. Soc. 1985, 107, 734.

(5) (a) Danheiser, R. L.; Carini, D. J,; Fink, D. M.; Basak, A. Tetrahedron
1983, 39, 935. (b) Trost, B. M.; Lynch, J.; Renaut, P. Tetrahedron Lett. 1985,
26, 6313.

(6) Molander, G. A.; Shubert, D. C. Tetrahedron Lett. 1986, 27, 787.
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nucleophile in the dianionic synthon. Herein we report our initial
efforts in this area, describing a successful stereocontrolled [3 +
2] annulation approach to cyclopentanoids utilizing 3-halo-2-
[(trimethylsilyl)methyl]propenes (1) as dianionic synthons® and
1,2-diones (2) as the dielectrophilic partners.

Having chosen suitable partners for the cycloaddition process,
several potential problems had to be addressed. First, a successful
process required clean conversion of the allylic halide into an allylic
organometallic, avoiding extensive Wurtz coupling. The allylic
organometallic thus generated had to react chemoselectively with
1,2-diones to generate intermediate ketolates, avoiding overreaction
leading to acyclic diallylated diols. Finally, we sought organo-
metallics whose metal alkoxide would activate the carbonyl of
intermediate ketolates toward addition by the latent nucleophile
(allylsilane) and, in addition, control the stereochemistry of the
addition through intramolecular chelation control.

AN N

™S X ™S M
la X= Br
b X=1
M
N
0 (0 HO  OH
- R.. R
R R' > + Disstereomer
™S 3 4

Initial efforts focused on use of Zn as a reductant.” Unfor-
tunately, the Zn?* generated was apparently not a strong enough
Lewis acid to induce cyclization,! and addition of Bu,NF (0.2
equiv) was required to effect cyclization in a one-pot conversion.

1. Zn/THF
2. Bu,NF

+ 2 —
RR’' = CH, 3Ho
78%

la

Desiring a more efficient process, SnF, was employed to gen-
erate an allylstannane in the first step of the reaction.!! This
particular reagent has two inherent advantages. The first is that
the Sn** species generated is a much stronger Lewis acid than
the corresponding Zn?* species. As a consequence, the electro-
philicity of the complexed carbonyl in the intermediate ketolate!?
was expected to be greatly enhanced. Furthermore, the presence
of fluoride ion was predicted to increase the nucleophilicity of the
allylsilane.!> With these factors working in concert, an efficient

(7) (a) Cram, D. J.; Kopecky, K. R. J. Am. Chem. Soc. 1959, 81, 2748.
(b) Stocker, J. H,; Sidisunthorn, P.; Benjamin, B. M.; Collins, C. J. J. Am.
Chem. Soc. 1960, 82, 3913. (c¢) Cram, D. J.; Wilson, D. R. J. Am. Chem.
Soc. 1963, 85, 1245. (d) Stocker, J. H. J. Org. Chem. 1964, 29, 3593. (e)
Reetz, M. T.; Steinbach, R.; Westermann, J.; Urz, R.; Wenderoth, B.; Peter,
R. Angew. Chem. Int. Ed. Engl. 1982, 21, 135. (f) Molander, G. A.; Andrews,
S. W. Tetrahedron Lett., in press. (g) Reetz, M. T. Angew. Chem., Int. Ed.
Engl. 1984, 23, 556.

(8) This reagent and derivatives have been utilized on previous occasions
as a dipolar synthon for annulation reactions. (a) Trost, B. M.; Vincent, J.
E.J. Am. Chem. Soc. 1980, 102, 5680. (b) Knapp, S.; O’Connor, U.; Mobilio,
D. Tetrahedron Lert. 1980, 4557. (c) Trost, B, M.; Curran, D. P. J. Am.
Chem. Soc. 1981, 103, 7380. (d) Trost, B. M.; Chan, D. M. T.; Nanninga,
T. N. Org. Synth. 1984, 62, 58.

(9) Tougani, A.; Couffignal, R. C. R. Acad. Sci., Ser. C 1988, 301, 1127.

(10) A 98% yield of the corresponding ketol was isolated after hydrolysis.

(11) (a) Gambaro, A.; Peruzzo, V.; Plazzoogna, G.; Tagilavini, G. J.
Organomet. Chem. 1980, 197, 45. (b) Mukaiyama, T.; Harada, T.; Shoda,
S. Chem. Lett. 1980, 1507. (c) Harada, T.; Mukaiyama, T. Chem. Lerz. 1981,
1109. (d) Nagaoka, H.; Kishi, Y. Tetrahedron 1981, 37, 3873. (e) Mu-
kaiyama, T.; Harada, T. Chem. Lerr. 1981, 621. (f) Mukaiyama, T.; Suzuki,
K.; Yamada, T. Chem. Letr. 1982, 929. (g) Auge, J.; David, S. Tetrahedron
Lerr. 1983, 24, 4009. (h) Auge, J. Tetrahedron Lett. 1985, 26, 753.

(12) Shoda, S.; Mukaiyama, T. Chem. Letr. 1981, 723.
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Table I. [3 + 2] Cycloaddition of
3-Iodo-2-[(trimethylsilylymethyl]propene (1b) onto 1,2-Diones 2
Using Stannous Fluoride

1,2-dione % isolated diastereo-
R R’ yield (GC) selectivity?
CH, CH, 72 (85) >75:1
CH3 CH;CHZ 88 >32.1
CH, C¢H; 72 >28:1
CH;(CH,), CH;(CH,), 68 >25:1
CH;(CH,); CI(CH,), 73 >50:1
-(CH,)~ 41 b
CH; (CH,;),CH 24 b
Ph Ph 0°

“These are minimum diastereoselectivities, reflecting the ratio of
desired product 3 to the next most abundant product in the crude re-
action mixture as determined by capillary gas chromatography. ?A
single diastereomer was formed. ¢Use of the Zn/fluoride procedure
did not improve the yield.

annulation process was anticipated. In fact, a number of 1,2-diones
undergo clean [3 + 2] annulation in a highly stereoselective
fashion, providing the corresponding 1,2-diols (Table I)."* None
of the intermediate ketols could be detected in the reaction
mixtures at any time, indicating a rapid two-step sequence leading
to product.

SaF,/THF
1b + 2

room lemperalure

The reaction appears to be sensitive to steric effects and perhaps
to the propensity for 1,2-diones to exist in the monoenolic form
(in particular 1,2-cyclohexanedione and perhaps 4-methyl-2,3-
pentanedione under the reaction conditions).!s

Excellent stereochemical control can be achieved at three
contiguous carbons by utilizing a dione containing an adjacent
heterosubstituted stereocenter. Allylstannanes derived from allylic
halides and SnF, have been shown to undergo diastereofacial
nucleophilic attack at such carbonyl centers through a Felkin-Ahn
transition state.!’*f Furthermore, it has recently been demonstrated
that a-oxygenated ketones react faster with a variety of or-
ganometallic nucleophiles than their corresponding unsubstituted
derivatives.!® In the addition of 1b to 2-acetoxy-3,4-octanedione
in the presence of SnF,, therefore, we expected Felkin-Ahn ad-
dition of the initially formed allylstannane to the inductively
activated carbonyl, followed by intramolecular chelation-controlled
addition of the allylsilane to the second ketone carbonyl. In the
event, two diastereomeric diols were isolated in 46% combined
yield. Gas chromatographic analysis of the crude reaction mixture
revealed that these diastereomers were formed in the ratio of 7.5:1,
with no other diastereomers apparent in the GLC traces.!”

0 0
AcO
b+ s CHg
CHx

We have demonstrated in this paper the power of combining
dianionic synthons for annulation reactions with intramolecular
chelation control of stereochemistry to develop highly stereo-
controlled syntheses of cyclopentanoids. Future efforts devoted
to construction of various five-, six-, and seven-membered rings

AO Ho o

SNFp /THF
—_—

(13) Hosomi, A.; Shirahata, A.; Sakurai, H. Tetrahedron Lett. 1978, 3043.

(14) The relative stereochemistry of the products was established by
nonstereoselective hydrogenation or bromination of the exomethylene sub-
stituent on 3a, followed by characterization of the two resulting diastereomers.
Other products were correlated to 3a by spectroscopic means. In the case of
1,2-cyclohexanedione, the acetonide of the diol product was generated and
characterized to confirm stereochemistry.

(15) (a) Olah, G.; Grant, J.; Westerman, P. J. Org. Chem. 1975, 40, 2102.
(b) Bowie, J. H.; Cooks, R. G.; Gream, G. E.; Laffer, M. H. Aust. J. Chem.
1968, 21, 1247.

(16) Kauffmann, T.; Moller, T.; Rennenfeld, H.; Welke, S.; Wieschollek,
R. Angew. Chem., Int. Ed. Engl. 1988, 24, 348.

(17) A single-crystal X-ray structure determination of the major isomer
revealed that it was indeed the diastereomer predicted on the basis of our
analysis.
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utilizing these and other synthons will be reported shortly
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A large family of polymers with a polyenyne backbone is ac-
cessible through a solid-state polymerization of suitably substituted
diacetylenes as depicted below:

RC=C—C=CR 2 [—C=CCR)=C(R)—], (1)
2

In this process, a single crystal of a diacetylene is essentially
converted to a single crystal of a poly(diacetylene)! (“PDA”), a
phenomenon observed only in one other case, the preparation of
(SN),.2 There are no reported procedures for the synthesis of
well-characterized polyenyne itself (2, R = H).> The PDA’s (2,
R = long-chain ester, urethane, etc.) have recently received much
attention, not only from a mechanistic point of view (polymeri-
zation via a diradical followed by a propagating carbene)! but
due to potentially important technological aspects such as nonlinear
optical properties in the solid state* and unusual chromotropic®
and dichroic® effects in solution.

Meanwhile, over the last decade it was shown that practically
all polymers possessing an unsaturated, conjugated backbone could
be converted to electrical conductors’ with electrical conductivities
on the order of 1 to 102 S cm™! (pure, Na-doped poly(acetylene)
has a conductivity of 10 S em™, S = Q!). The PDA’s are a
glaring exception; acceptor doping was found to enhance their
conductivity by only a few orders of magnitude and iodine formed

(1) (a) Proceedings of the NATO Workshop on Polydiacetylenes; Chance,
R. R, Bloor, D., Eds.; Nijhoff Publishers: Netherlands, in press. (b) Adler,
G., Ed. Mol. Cryst. Lig. Cryst. (Part A) 1983, 93, 1-417; Ibid. (Part B) 1983,
96, 1-412. (c) Sixl, H. Adv. Polym. Sci. 1984, 63, 49,

(2) Cohen, M. J.; Garito, A. F.; Heeger, A. J.; MacDiarmid, A. G.; Mi-
kulski, C. M.; Saran, M. S.; Kleppinger, J. J. Am. Chem. Soc. 1976, 98, 3844
and references within, Walatka, V. V. Jr.; Labes, M. M_; Perlstein, J. H.
Phys. Rev. Lert. 1973, 31, 1139.

(3) Russo, P. J.; Labes, M. M. J. Chem. Soc., Chem. Commun. 1982, 53,
These authors obtained incompletely characterized solids from reactions of
1,3-butadiyne and AsF;.

(4) Garito, A, F; Teng, C. C.; Wong, K. Y.; Zammani’khamiri, O. Mol.
Cryst. Lig. Cryst. 1984, 106, 219.

(5) Patel, G. N.; Chance, R. R.; Witt, J. D. J. Chem. Phys. 1979, 70, 4387.
Lim, K. C.; Heeger, A. J. Ibid. 1985, 82, 522. Wenz, G.; Muller, M.; Schmidt,
M.; Wegner, G. Macromolecules, 1984, 17, 837.

(6) Lim, K. C.; Kapitulnik, A.; Zacher, R.; Heeger, A. J. J. Chem. Phys.
1985, 82, 516.

(7) Duke, C. B.; Gibson, H. W. In “Encyclopedia of Semiconductor
Technology™; Grayson, M. Ed.; Wiley: New York, 1984; pp 661-669. See
also citations in: Pecile, C., Zerbi, G., Bozio, R., Girlando, A., Eds. Mol.
Cryst. Lig. Cryst. 1985, 117, 118.
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only a very weak charge-transfer complex with a PDA containing
relatively small R substituents.?

In order to (1) make a direct comparison between the solid-state
properties of nondegernate ground state, conjugated backbone,
conducting polymers (e.g., poly-p-phenylene, poly(thiophene), etc.)
and polyenyne and (2) ascertain what aspect of the above unusual
properties of PDA’s were intrinsic to their polyenyne backbone,
we decided to employ a strategy of modeling the macromolecule
(2, R = H) with monodisperse, fully characterized oligomers. The
ultimate goal is to obtain a monodisperse polyenyne with a 50-
carbon atom (“Cs,”) backbone.’

Here we report the successful preparation of suitably substituted
Cq, C10, Cia, Cap, and Cyg polyenyne oligomers!® and some pre-
liminary, surprising properties. Other properties are currently
being determined.!!

Scheme I

(CH,);CC=CZnCl + ICH=CHC| —
(CH;);CC=CCH=CHCI (2)

(CH;),CC=CCH=CHCI + RC=CMgX —»
(CH,),CC=CCH=CHC=CR (3)

6 R = -Bu

i = (PhyP),PdCl,, ii = dpppNiCl,; R = t-Bu orMe;Si

The compounds in Table I were prepared according to Scheme
L

This “universal” scheme shows the preparation of Cg as a typical
example of the sequence of reactions employed for oligomer
syntheses. Application of this scheme to the preparation of, for
example, C,4 would require the Grignard reagent of reaction 3
to have R = Me,Si [(CH;),Si] followed by removal!? of this group
from the “C¢-Me,Si” product, deprotonation of the alkyne with
methyl Grignard, conversion to the alkynyl zinc reagent with
ZnCl,, and coupling of two parts of this reagent with one of
trans-diiodoethylene in the presence of i. Full experimental details
are available.!2:13

As can be seen from the Table, all new compounds were easily
characterizable (IR, 'H and 1*C NMR, elemental analysis). The
only exception was C,, it discolored upon standing and elemental
analysis gave poor agreement with expected values.

The choice of rert-butyl end groups was based on the very high
stability-conferring ability of this residue (as contrasted, for ex-
ample, with a methyl of phenyl end group) in the preparation of
the longest isolable and characterizable polyyne.!*!'* Whereas
this moiety could influence the electronic properties of the smaller
oligomers, it was not expected to have an important effect on the

(8) Bloor, D.; Hubble, C. L.; Ando, D. J. In “Molecular Metals™, Hatfield,
W. E., Ed.; Plenum Press: New York, 1979; pp 243-247. One referee pointed
out that due to unfavorable ionization potential poly-p-phenylene also does
not react with iodine.

(9) Calculations show that a Cy; polyene should mimic poly(acetylene) in
its physical properties: Alan Bishop, Los Alamos National Laboratory, private
communication. Other theoretical calculations on polyenynes exist: Bredas,
J. L.; Silbey, R.; Boudreaux, D. S.; Chance, R. R. J. Am. Chem. Soc. 1983,
105, 6555. Bredas, J. L. J. Chem. Phys., in press.

(10) Oligomers containing a diene diyne moiety have been prepared:
Bohlmann, E.; Joachim, P. Chem. Ber. 1957, 90, 130.

(11) Collaborations with Prof. P. Prasad (SUNY, Buffalo, laser Raman),
Dr. R. Chance (Allied Corp., solid-state spectroscopy). Prof. J. Verbist
(Namur, XPS, UPS), and Dr. J.-L. Bredas (Namur, theory) are in progress.

(12) Walker, J. A.; Bitler, S. P.; Wudl, F. J. Org. Chem. 1984, 49, 4733.

(13) King, A. O.; Okukado, N.; Negishi, E.-1. J. Chem. Soc., Chem:.
Commun. 1977, 683.

(14) The longest, stable polyyne was isolable when the end groups were
tert-butyl: Jones, E. H. R.; Lee, H. H.; Whiting, M. C. J. Chem. Soc., Chem.
Commun. 1960, 3483, Other shorter polyynes with alkyl substituents were
also prepared: Bohlmann, F. Chem. Ber. 1953, 86, 63, 657. Diphenyl polyynes
were also prepared: Armitage, J. B.; Entwistle, N.; Jones, E. R. H.; Whitting
M. C. J. Chem. Soc. 1954, 147.

(15) Surprisingly, the trialkylsilyl is not nearly as stabilizing (toward iso-
lation) a terminal group for polyynes: Eastmond, R.; Johnson, T. R.; Walton,
D. R. M. Tetrahedron 1972, 28, 5221. Eastmond, R.; Walton, D. R. M. Jbid.
1972, 28 4591.
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