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Table I, Summary of B-C Bond Lengths (A) and C-B-C Bond Angles (deg) in Selected Mes,BX Species®

B-C(Mes) B-C C(Mes)-B-C(Mes) C(Mes)-B-C ref
Mes,BCH,", 3 1.617 (7) 1.444 (8) 117.3 (5) 121.3 (5) this work
MaSzB=©:CHz'.1 1.609 (2) 1.522 (10) 111.6 (6) 124.2 (7) 2
Mes;B*" 1.597 (4) 120.0 (2) 5
Mes,BCH,, 2 1.586 (3) 1.562 (3) 119.5 (2) 120.2 (2) b
Mes;B 1.579 (2) 120.0 (2) 5

¢ Average values are given where applicable. ®P. P. Power and R. A. Bartlett, unpublished results.

average of 1.444 A. The C,BCH, core of the molecule is also
planar with an essentially zero twist angle, This is in contrast
to 1 which has a 25° twist angle between the planes at boron and
carbon.? The BCH, bond length in the title compound is sig-
nificantly shorter than the multiple bond in the ion 1 and also the
ca. 1,5-A distance found in the aromatic 2x-electron [cyclo-

butadiene]** analogue!® Me,NB-C(-Bu)~B(NMe,)-C(z-Bu).!!
If a B-C double bond is assumed to be ca. 10% shorter than a
B-C single bond, a value of 1.42-1.45 A may be predicted for
the B=C moiety, assuming a typical B—C single bond length (for
three-coordinate boron) to be in the range 1,58-1,62 A, The
average distance of 1.444 A in 3 is therefore consistent with a
double bond formulation and in agreement with theoretical
calculations,!? Further supporting evidence for double bonding
comes from the lowered CBC and HCH angles, which average
117° and 112°, respectively. A similar effect is seen in the
structures of alkenes!?® (>C==C<), which, of course, are iso-
electronic with the moiety [>B==C<]",* Trends in bonding are
further illustrated in Table I where it can be seen that increasing
bond order in one of the B~C bonds causes a regular decrease in
the bond order of the remaining B~C bonds. The boron—carbon
double bond in 3 may also be compared with that recently found
by N8th and co-workers in the compound tmpB=fluorenyl, 4.1°
In 4 the B-C distance, 1.414 (3) A, is slightly shorter than that
in 3. This is to be expected due to the two-coordinate nature of
boron in 4,

Finally, we draw attention to the trend in !B NMR chemical
shifts on the deprotonation of Mes,BMe to give 3. A THF solution
of Mes,BMe displays a broad singlet at +83,6 ppm. The addition
of 1 equiv of LIN(C¢Hj,), in THF affords a new signal at +40.4
ppm due, presumably, to the solvated ions [Li*][Mes,BCH,]. The
addition of 2.2 equiv of 12-crown-4 to this solution results in a
small upfield shift to +35.0 ppm. The upfield shifts!¢ indicate
increased electron density at boron due to the formation of the
double bond, In addition the small (but significant) shift seen
upon addition of 12-crown-4 seems to indicate that the [Li]* and
[Mes,BCH,]™ ions are associated in some way in THF solution

(10) Cremer, D.; Gauss, J.; Schleyer, P.v. R.; Budzelaar, P. H. M. Angew.
Chem, Int. Ed, Engl. 1984, 23, 370. Schleyer, P. v. R.; Budzelaar, P. H. M.;;
Cremer, D.; Kraka, E. Angew. Chem. Int. Ed. Engl. 1984, 23, 374.

(11) Hildebrand, M.; Pritzkow, H.; Zennech, U.; Siebert, W. Angew.
Chem. Int. Ed. Engl. 1984, 23, 371.

(12) Pross, A.; De Frees, D. J.; Levi, B. J,; Pollack, S. K.; Radom, L.;
Hehre, W. J. J. Org. Chem. 1981, 46, 1693.

(13) March, J. Advanced Organic Chemistry, 3rd ed.; Wiley: New York,
1985; p 18.

(14) A [>B=C<]" moiety should also be capable of behaving as an 7
ligand to transition metals like ethylenes. An example of such a complex,
[Ir(H),(PMe;);{BCgH,CH,}], has been synthesized and characterized spec-
troscopically. Baker, R. T., personal communication.

(15) tmp = 2,2,6,6-tetramethylpiperidine. Glaser, B.; Néth, H. Angew.
Chem. Int. Ed. Engl. 1985, 24, 416. This reference contains the spectroscopic
characterization of this compound. We are grateful to Professor Noth for
providing us with some details of his recent structural determination of this
interesting species. N6th, H. “Symposium on Multiple Bonding Involving the
Heavier Main Group Elements”, 192nd National Meeting of the American
Chemical Society, Anaheim, Sept 7-12, 1986; American Chemical Society:
Washington, DC.

(16) Similar upfield shifts were seen in the !'B NMR spectra of
[Mes,BPR]" (R = Ph, C¢H,;, or Mes) relative to their neutral Mes;BPHR
precursors. However, little change was observed except a broadening of the
peaks when 12-crown-4 was added. Likewise their ¥P NMR spectra showed
considerable downfield shifts when metalated and further downfield shifts
when 12-crown-4 was added. See also: Bartlett, R. A.; Feng, X.; Power, P.
P. J. Am. Chem. Soc. 1986, 108, 6817.

in the absence of 12-crown-4. Further studies on the structures
of related B~C double bonded species are in progress.
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The design of new transition-metal catalysts for asymmetric
organic synthesis has proven to be a challenging but nonetheless
exceptionally powerful approach to the problem of controlling
absolute stereochemistry.!”> We have recently reported the
chemo- and regioselective formal [4 + 4] ene and 1,4-hydro-
vinylation reactions of 1,3-dienes with allyl benzyl ether catalyzed
by soluble iron(0) complexes, L-Fe(0), We now wish to report
the first examples in which a remote stereocenter, specifically a
remote acetal substituent, is used to direct the stereochemical
course of the carbon—carbon bond construction in an L-Fe(0)-
catalyzed [4 + 4] ene reaction.

Homochiral five- and six-membered-ring acetal subunits have
been widely used as removable chiral auxiliaries to direct diast-
ereoselective carbon—carbon bond-forming reactions.* While the

(1) (a) Pfenninger, A. Synthesis 1986, 89-116. (b) Evans, D. A.; Mor-
rissey, M. M.; Dow, R. L. Tetrahedron Lett. 1985, 26, 6005-6008. (c) Rosen,
T.; Heathcock, C. H. J. Am. Chem. Soc. 1985, 107, 3731-3733. (d) Goli-
aszewski, A.; Schwartz, J. J. Am, Chem. Soc. 1984, 106, 5028-5030.

(2) (a) Wender, P. A,; Ihle, N. C. J. Am. Chem. Soc. 1986, 108,
4678-4679. (b) Trost, B. M.; Chung, J. Y. L. J. Am. Chem. Soc. 1988, 107,
4586-4588.

(3) (a) Trost, B. M.; Murphy, D. J. Organometallics 1988, 4, 1143-1145.
(b) Bosnich, B.; Mackenzie, P. B. Pure Appl. Chem. 1982, 54, 189-195. (¢)
Buono, G.; Peiffer, C. S. G.; Triantaphylides, C.; Denis, P.; Mortreux, A.;
Petit, F. J. Org. Chem. 1985, 50, 1781-1782. (d) Dieck, H. Tom.; Diercks,
R. Angew. Chem., Int. Ed. Engl. 1983, 22, 778-779. (e) Hayashi, T.; Konishi,
M.; Fukushima, M.; Kanehira, K.; Hioki, T.; Kumada, M. J. Org. Chem.
1983, 48, 2195-2202. (f) Takabe, K. Tetrahedron Lett. 1985, 26, 5153-5154.
(g) Hayashi, T.; Yamamoto, A.; Hagihara, T.; Ito, Y. Tetrahedron Lett. 1986,
27, 191-194.

(4) (a) Takacs, J. M.; Anderson, L. G.; Madhaven, G. V. B.; Creswell, M.
W.; Seely, F. L.; Devroy, W. F. Organometallics 1986, 5, 2395-2398. (b)
Takacs, J. M.; Anderson, L. G.; Madhaven, G. V. B.; Seely, F. L. Angew.
Chem., Int. Ed. Engl., in press.
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chemistry of the 1,3-dioxacyclohept-5-ene (4,7-dihydro-1,3-
dioxepin) ring system has been widely investigated, the use of this
seven-membered-ring acetal as a chiral template for asymmetric
synthesis is unknown.® In part, this lack of utility reflects the
failure of classical electrophilic reagents to dlstmgulsh between
the diastereotopic faces of the olefin within this ring system. For
example, hydroboratlon/oxldatlon ((1) BH;THF or 9-BBN, THF,
25 °C; (2) H,0,/0H") of 2-phenyl-1,3-dioxepin (1b) yields a
60:40 (cis/trans) mixture of diastereomeric alcohols.

In the course of exploring the scope of our new L-Fe(0)-cata-
lyzed [4 + 4] ene reactions, we made the observation that unlike
some 3-substituted allylic ethers (e.g., (E)-1-(benzyloxy)-2-butene,
(E)- or (Z)-2-butene-1,4-diol dibenzyl ether) 1,3-dioxepins are
good substrates for bimolecular coupling reactions with 1,3-dienes.
For example, the parent 4,7-dihydro-1,3-dioxepin (1a) reacts with
2,3-dimethyl-1,3-butadiene in the presence of 10 mol % of the
bpy-Fe(0) catalyst (bpy = 2,2’-bipyridine, benzene, 25 °C, 8 h,
45%) to yield the 6-substituted 6,7-dihydro-1,3-dioxepin 2a.
6,7-Dihydro-1,3-dioxepins can be converted via Lewis acid cat-
alyzed rearrangement or via simple hydrolysis to tetrahydrofurans
or Z-Suranones, subunits which are found in many natural prod-
ucts,

L Fe(O)

PhH / 25°C / 8h

laR?=H
b !‘2 = (:‘I!S
[« !‘2 = t:‘lill
R H.:’ o R ,He o
c N_d T ’ >&R2 W
3 CH, HaC CH, \ o)
H, H,

2 (syn) 3 (anti)

Dioxepins 1a—c exist as equilibrium mixtures of rapidly in-
terconverting chair and twist boat conformers.®® In the chair

(5) (a) Seebach, D.; Imwinkelried, R.; Stucky, G. Angew. Chem., Int. Ed.
Engl. 1986, 25, 178—180. (b) Castaldi, G.; Cavicchioli, S.; Giordano, C.;
Uggeri, F. Angew. Chem., Int. Ed. Engl. 1986, 25, 259-260. (c) Ishihara,
K.; Mori, A.; Arai, L.; Yamamoto, H. Tetrahedron Lett. 1986, 207, 983-986.
(d) Mori, A.; Ishihara, K.; Yamamoto, H. Tetrahedron Let:. 1986, 27,
987-990. (e) Naruse, Y., Yamamoto, H. Tetrahedron Lett. 1986, 27,
1363-1366. (f) Elliott, J. D.; Steele, J.; Johnson, W. S. Tetrahedron Lett.
1985, 26, 2535-2538. (g) Meyers, A. L; Fleming, S. A. J. Am. Chem. Soc.
1986, 108, 306-307. (h) Maruoka, K.; Nakai, S.; Sakura, M.; Yamamoto,
H. Synthesis 1986, 130-132. (i) Tamura, Y.; Kondo, H.; Annoura, H.
Tetrahedron Lett. 1986, 27, 81-82, (j) Mash, E. A.; Nelson, K. A. J. Am.
Chem. Soc. 1985, 107, 8256-8258. (k) Truesdale, L. K.; Swanson, D.; Sun,
R. C. Tetrahedron Lett. 1985, 26, 5009-5012, (1) Seebach, D.; Aebi, J. D.;
Naef, R.; Weber, T. Helv. Chim. Acta 1985, 68, 144-154,

(6) (a) Danishefsky, S.; Berman, E. M.; Ciufolini, M.; Etheredge, S. J;
Segmuller, B. E. J. Am. Chem. Soc. 1985, 107, 3891-3898. (b) Ko, S. Y.,
Lee, A. W. M,; Masamune, S.; Reed, L. A., III; Sharpless, K. B.; Walker,
F. S. Science (Washington, DC) 1983, 220, 949-951. (c) Vandenberg, E. J.
J. Polym. Sci., Polym. Chem. Ed. 1985, 23, 951-970. (d) Nieuwenhuizen,
M. 8.; Kieboom, A. P. G.; Van Bekkum, H. Synthesis 1981, 612-613. (e)
Biloski, A. J.; Heggs, R. P.; Ganem, B. Synthesis 1980, 810-811. (f) Scharf,
H. D.; Frauenrath, H. Chem. Ber. 1980, 113, 1472-1479.

(7) (a) St. Amour, R.; Viet, M., J. P.; St. Jacques, M. Can. J. Chem. 1984,
62, 2830-2840. (b) St Amour, R.; St. Jacques, M. Can. J. Chem. 1983, 61,
109-115. (c) St. Amour, R.; St. Jacques, M. Can. J. Chem. 1981, 59,
2283-2289. (d) Klimovitskii, E. N.; Timirbaev, M. B.; Arbuzov, B. A.; J. Gen.
Chem. USSR (Engl. Transl.) 1984, 54(10), 2360-2365. (e) Petrov, V. N.;
Litvinov, I. A.; Struchkov, Y. T.; Klimovitskii, E. N.; Timirbaev, M. B.;
Arbuzov, B. A. J. Gen. Chem. USSR (Engl. Transl.) 1983, 53(1), 112-117.
(f) Plyamovatyi, A. Kh.; Klimovitskii, E. N. Bull. Acad. Sci. USSR 1983, 263,
1437. (g) Favini, G. J. Mol. Struct. 1983, 93, 139-152. (h) Soulier, J;
Farines, M.; Laguerre, A.; Bonafos-Bastouill, A. Bull. Soc. Chim. Fr. 1976,
307-311. (i) Gianni, M. H.; Adams, M. J. Org. Chem. 1975, 40, 450-453.

(8) (a) Frauenrath, H.; Philipps, T. Tetrahedron 1986, 42, 1135-1138. (b)
Frauenrath, H.; Philipps, T. Liebigs Ann. Chem. 1985, 1951-1961. (c)
I;oogen, H9 J. J.; Godefroi, E. F.; Besters, J. S. M. M. J. Org. Chem. 1975,

0, 892-894,
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conformer we reasoned that the axially disposed oxygen lone pairs
could be serving as remote ligation sites for the metal, thereby
facilitating the reaction of these substrates. The accessible chair
conformer of 2-substituted dioxepins 1b and 1c has the alkyl group
preferentially occupying a pseudoequatorial position. We pos-
tulated that the axially disposed lone pairs might not only facilitate
the reaction of these substrates but also direct the stereochemical
course of the carbon—carbon bond construction syn relative to the
acetal substituent. The bpy-Fe(0)-catalyzed reactions of 1b and
1c with 2,3-dimethyl-1,3-butadiene proceed readily and with high
diastereoselectivity (>95:5) to yield (70-80%) the [4 + 4] ene
product 2 (eq 1, R! = CH;, R? = C¢Hs, C¢H;,). The carbon-
carbon bond formation proceeds almost exclusively syn with re-
spect to the alkyl substituent of the acetal stereocenter.!®

The choice of ligand is critical in determining the sense and
degree of diastereoselection in this process. Coupling reactions
promoted by L-Fe(0) catalysts modified with 1,10-phenanthroline
or with 4,4-dimethyl-2,2’-bipyridine yield 2 and 3 in approximately
an 80:20 ratio. Reactions run in the presence of an iron catalyst
modified by 2,2-biquinoline or 2,9-dimethyl-1,10-phenanthroline
(dmph) show a reversal in the sense of asymmetric induction.
These coupling reactions proceed with a slight preference for
formation of the anti stereoisomer 3 (2;3 = 40:60). The L-Fe-
(0)-catalyzed [4 + 4] ene reactions of 1b with 2-substituted
1,3-dienes (e.g., isoprene, myrcene) are qualitatively similar to
those described above. Each unsymmetrically substituted diene
reacts with high regioselectivity (>95:5); however, we find that
the stereoselectivity is somewhat lower than with dimethyl-
butadiene, For example, the coupling of dioxepin 1b to isoprene
catalyzed by bpy-Fe(0) yields (60%) an 80;20 mixture of [4 +

(9) We have estimated the relative energies of chair and twist boat con-
formers 4 for compounds 1, 5, and 6 by using MM2 calculations. The MM?2
calculated (chair—twist boat) energy differences (kcal/ mol) are: 1a, +0.20;
1b, +0.03; 1c, -0.80; 5a, —0.17; 5 (R! = CH,, R? = C4Hy), +0.25; and 6 (R1
= CH,), +1.70.

CHAIR-4

TWIST BOAT-4

(10) (a) Product ratios are determined by 'H NMR integration. We
assign a limiting value of >95:5 in cases where the resonances of the minor
diastereomer cannot be distinguished from baseline noise. The stereochemical
assignments of 2, 3, 7, 8, and 9 are based upon a consideration of the available
conformations, detailed analysis of the 300-MHz 'H NMR spectra, and by
spectral comparison to the model compound, the unsubstituted 6,7-dihydro-
1,3-dioxepin 10 (R = C;H, CiH,y). In particular, key to our stereochemical
assignment is the presence or absence of an allylic coupling to the vinyl proton,
Ha. By MM2 calculation the chair and twist boat conformers are close in
energy in these ring systems. Considering either the chair or twist boat
conformer 10, only Hc has the correct angular relationship to Ha to exhibit
strong allylic coupling, giving a stereochemical handle to which the other
stereocenters can be easily related.

He °
. LH
H >\Rz
N0
H!

W 10
q

TWIST BOAT-10

CHAIR-10

(b) Jackman, L. M.; Sternhell, S. “International Series of Monographs in
Organic Chemistry”, Applications of Nuclear Magnetic Resonance Spec-
troscopy in Organic Chemistry, 2nd ed.; Pergamon: New York, 1969.
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4] ene products 2 and 3 (R! = H, R? = C4H;). The isoprene
reaction catalyzed by dmph-Fe(0) is also slightly more anti se-
lective, yielding a 30:70 syn/anti mixture.

While the parent acetals 1 are achiral, homochiral 2,4-disub-
stituted 1,3-dioxepins can be easily prepared by starting with the
asymmetric reduction of an appropriate propargylic ketone.!!
Acetalization of 2-substituted cis-1,4-but-2-ene diols with benz-
aldehyde dimethyl acetal yields a thermodynamic mixture of cis-
and trans-phenyl acetals.!? The 56:44 mixture of diastereomers
5and 6 (R! = C,H; or CH,Ph, R2? = Ph) can be separated by
chromatography on silver nitrate impregnated silica gel and the
unwanted isomer reequilibrated to the thermodynamic mixture.
Each of the phenyl acetal diastereomers 5 and 6 reacts with
2,3-dimethyl-1,3-butadiene in the presence of bpy-Fe(0) to yield
(40-60%) a [4 + 4] ene product, 7 and 9, respectively (eq 2 and
3). Each coupling reaction proceeds highly diastereoselectively

- (\/N

bpy Fe (0)

PhH / 25°C / 8h

= C,Hys, R? = Ph
= CH,Ph, R? = Ph
= C,Hs, R2 = H
HsC
H :
e+ o
R -
HaC
7 8
bpy Fe{(0)
—_—_—

PhH / 25°C / 8h

HsC CH,
I +
H,C” SCH,
6a R! = C,H;, R? = Ph
b R! = CH,Ph, R? = Ph

W
) o

HaC CH,

HaC
9

(>95:5), with the isomeric all-cis [4 + 4] ene products 7 and 9
differing only with respect to the regiochemistry of carbon—carbon
bond formation. Most significantly, the stereochemistry of car-
bon—carbon bond construction proceeds independent of the
stereochemistry of the substituent (R!) at the 4-position of the
1,3-dioxepin ring and is directed greater than 95% syn with respect

(11) (a) Midland, M. M.; Tramontano, A.; Kazubski, A.; Graham, R. S.;
Tsai, D. J. S.; Cardin, D. B. Tetrahedron 1984, 40, 1371-1380. (b) Soulier,
J.; Farines, M.; Bonafus-Bastouill, A.; Laguerre, A. Bull. Soc. Chim. Fr. 1975,
1763-1766. (c) Eliel, E. L.; Badding, V. G.; Rerick, M. N. J. Am. Chem.
Soc. 1962, 84, 2371-2377.

(12) The energy difference between the lowest energy conformers of 5 and
6 is estimated by MM2 to be +0.10 kcal/mol, consistent with the slight
thermodynamlc preference for formation of the cis diastereomer. The
structural assignments of 5 and 6 are based upon the detailed analysis of the
300-MHz 'H NMR spectra and from NOE experiments. In an NOE dif-
ference experiment (irradiating the acetal proton), the methine hydrogen in
§, but not in 6, shows a strong signal enhancement, confirming the cis rela-
tionship between those two protons.
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to the remote phenyl substituent. The acetal substituent is critical
to the asymmetric induction. In contrast to the reactions of Sa
and Sb, the bpy-Fe(0)-catalyzed reaction of the unsubstituted
acetal S¢ (R! = C,H;, R? = H) proceeds in poor yield (10%) and
with low stereoselectivity to give a 2:3 mixture of 7c and 8c.

Further studies of the effect of remote substituents on the
stereochemistry of this new carbon—carbon bond-forming reaction
and on the applications of this methodology to asymmetric syn-
thesis are in progress.!?

(13) We thank the National Institutes of Health (GM 34927), the donors
of Petroleum Research Fund, administered by the American Chemical So-
ciety, and the University of Utah Research Committee, for support of this
work.
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Transition metal complexes of alkynes have been reported for
a large number of metals, including examples of both early and
late transition metals.! We have recently reported the preparation
and reaction chemistry of the zirconocene complexes of cyclo-
hexyne? and benzyne.”® We have now developed a general route
to zirconocene complexes of both terminal and internal acyclic
alkynes and herein we report on their synthesis and reactions. In
addition we have determined the X-ray crystal structure of the
trimethylphosphine adduct of the zirconocene complex of 1-hexyne
2b which shows several interesting differences in structure from
the cyclohexyne and benzyne complexes and which is, to our
knowledge, the first structurally characterized acyclic alkyne
complex of zirconium to be reported.

Zirconocene alkyne complexes can be prepared as shown in
Scheme I. Hydrozirconation of an alkyne® followed by the
addition of methyllithium produces intermediate 1 which loses
methane,* and the resulting alkyne complex is trapped with tri-
methylphosphine. These complexes can be isolated in ca. 70%
yield and can be further purified by recrystallization from eth-
er/hexane at low temperature.

The X-ray crystal structure of 2b is shown in Figure 1. Of
note is the C6-C7—-C8 bond angle of 135.8 (3)°. This should be
compared with the corresponding angles of 126.0 (1.2)° and 122.1

Scheme I
R R /R\’ ,
H .
RC=CR’ B CH,Li PMe.
Cpzr! ——» CpZZr\A/ —2 e CpyZr] 3
Cl Cl Me

CH,

RCx R
>=CR }E>"'H
CpaZr, am Cpp Zr?
PMe3 PMe,
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