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ABSTRACT: Zirconium hydride-catalyzed C=C double bond migration from nonconjugated to conjugated dienes is
described. Applied to 1-substituted 1,4-dihydrofulvenes, the migration leads selectively to 1-substituted 1,2-dihydrofulvenes. The
C=C double bond migration can also be catalyzed by titanium hydride, allowing a one-pot procedure to provide 1-substituted
1,2-dihydrofulvenes from pentafulvenes via two titanium-catalyzed steps. This sequence was proven to be temperature-
dependent, allowing the selective access to a conjugated or nonconjugated adduct by a simple temperature tuning. The synthetic
potential of the methodology was illustrated by the diastereoselective synthesis of a polyhydroxycyclopentane.

mong polyunsaturated systems, conjugated dienes con-
stitute a highly important class of building blocks with a
widespread set of applications in organic synthesis," as well as
biological chemistry and materials science.” However, the direct
access to conjugated dienes sometimes remains difficult.” In this
context, Negishi reported an elegant low-valent zirconocene-
mediated conversion of nonconjugated to conjugated dienes
through a selective migration of the less sterically hindered
unsaturated fragment (Figure 1a).” Additionally, isomerization
of 1-alkene to 2-alkene could also be performed using a catalytic
amount of zirconocene in the specific case of allylbenzene
(Figure 1b).>
Due to its reversible behavior at room temperature, the
hydrozirconation of alkenes stands out from hydroboration and
hydroalumination.® Implying successive hydrometalation/dehy-
drometalation/rehydrometalation, this process could be de-
picted as a C=C bond migration along an alkyl chain.” This so-
called “zirconium promenade” produces a terminal alkene which
undergoes a regioselective hydrozirconation, leading to the
sterically least hindered alkylzirconium complex (Figure 1c). In
comparison, the selectivity of the C—=C migration in the case of
cyclic alkenes still needs to be investigated.
Zirconocene complexes are known for their efficient binding
to conjugated dienes, particularly those allowing the s-trans
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Figure 1. Zirconium-mediated C=C double bond migration.

conformation.® Thus, driving the C=C migration toward the
formation of a conjugated dienic system using a zirconium
hydride complex may be envisioned in the typical case of cyclic
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alkenes bearing a nonconjugated exocyclic C=C double bond
(Figure 1).9

In this communication, we disclose the zirconium- and
titanium-catalyzed C=C double bond migration from non-
conjugated to conjugated dienes applied to dihydrofulvenes.

Recently, we described a sequential titanium-catalyzed
hydroalumination of dienes/addition to aldehydes or ketones.'?
Applied to pentafulvenes, this method leads to dienic alcohols
which are suitable substrates for testing such C=C double bond
migration (Scheme 1).

Scheme 1. Zirconium Hydride-Mediated C=C Double Bond
Migration
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Our initial studies concerned hydrozirconation with model
substrate 1a. In a first experiment, the Schwartz reagent (2 equiv)
was added to a solution of 1a until complete dissolution (~2 h),
then water was added. Under these conditions, a mixture of two
new products, 2a and 2'a, was obtained in a 2:1 ratio (Scheme 2).

Scheme 2. Initial Experiment
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This encouraging result prompted us to optimize the
formation of the conjugated diene 2a. First, we observed a
complete conversion after a prolonged reaction time (12 h)
(Table 1, entry 1) or by heating at 40 °C for 2 h (entry 2). It was
also noticed that the substituents of the exocyclic double bond
impact the kinetics of the reaction (entries 3 and 4 vs entry S).
More interestingly, when the analogous methyl ether 1d was
used as the substrate, the Schwartz reagent loading could be
reduced to 20% to promote a complete conversion, therefore
indicating a catalytic process (entries 7—10).

To account for the catalytic activity of the zirconium hydride,
we tentatively propose the following process in which stereo-
selectivity aspects are not considered for simplification (Figure
2). Initially, the hydrozirconation of 1 would reversibly lead to
zirconocene I In a first approximation, one may assume that, due
to steric hindrance considerations, I is the major adduct;
however, the reversible formation of the regioisomer may also be
considered. At this stage, I would competitively evolve
irreversibly toward complex II. Finally, hydride transfer from II
to 1 would give the conjugated diene 2 and zirconocene I to
complete the catalytic cycle.

With these new conditions in hand, a series of adamantylful-
vene-derived dienic alcohols were tested (Table 2). The reaction
appears to be quite general, allowing the formation of dienic
alcohols or ethers containing aryl (entries 1—4), heteroaryl
(entry S), linear alkyl (entry 8), bulky alkyl (entry 9), or even a
chain incorporating a protected hydroxy group (entry 10). The
only limitation concerns substrates bearing a pyridine unit
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Table 1. Optimization of the Reaction Conditions

R R R R
‘ H OPG  Cp,Zr(H)CI (n equiv) | Y OPG
- N R 1558
Ph CH,Cly, temp, t Ph
1 2
tem conversion (%)
entry R R PG (°C) t(h) =n 2 (yield,” %)
1 2-adaman- H 20 12 2 2a >95 (70)
tyl
2b 2- H 20 12 2 2a 40
adaman
tyl
3 2- H 40 2 2 2a >95 (85)
adaman
tyl
4 (CH,), H 40 2 2 2b 92 (83)
S Ph Ph H 20 24 2 2c 60
6 Ph Ph H 40 40 2 2c 85
7 2 Me 40 2 1 2d >95 (78)
adaman
tyl
8 2 Me 40 2 03 2d >95 (75)
adaman
tyl
9 2- Me 40 2 02 2d >95 (77)
adaman
2d 84
|
\ /R
" iz —H

Figure 2. Proposed mechanism.

(entries 6 and 7), which may trap the catalyst by coordination.
Finally, the reaction conditions are also compatible with an
unprotected secondary amine (entry 11). It is further remarkable
that the reaction proceeds chemoselectively in the presence of a
cinnamyl unit (entry 12).

Although the C=C double bond migration requires only a
catalytic amount of zirconium hydride, it is necessary to protect
the hydroxy group of 1a, unless 1 equiv of the Schwartz reagent
must be sacrificed. A possible alternative is to achieve the C=C
double bond migration from the crude allylation mixture, thus
avoiding the hydroxy protection. Reconsidering the titanium-
catalyzed hydroalumination of pentafulvene/addition onto
aldehyde, one may assume that titanium hydride species remain
in the reaction media and could eventually promote a similar
migration.11

Thus, model compound 1a was first treated with DIBAL-H
(lequiv) to mimic the allylalumination adduct; then Cp,TiCl,
(0.2 equiv) and DIBAL-H (0.5 equiv) were added, and the
resulting mixture was stirred at 40 °C for 2 h.'” Pleasingly, the
desired conjugated diene 2a was obtained along with reduced
product 2'a (Scheme 3).
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Table 2. Scope of the Reaction

Cp,Zr(H)CI, (x mol %)
_——
Ph CH,Cl, 2h, 40°C

conversion (%)

entry R X x 2 (yield,” %)
1 Ph OH 125 2a 95 (86)
2 Ph OMe 025 2d 95 (75)
3 Ph OTBS 025 2e 95 (83)
4 4-Br-C¢H, OH 125 2f 95 (79)
5 2-furyl OMe 025 2g 95 (73)
6 3-pyridyl OMe 025 2h 10
7 3-pyridyl OMe 125 2h 60
8 n-Bu OH 125 2i 95 (69)
9 t-Bu OH 1.25 2j 95 (77)
10 (CH,),OBn OH 125 2k 95 (74)
11  Ph NHBn 025 21 95 (87)
12 CH=CHPh OMe 025 2m 95 (85)

“Isolated yield. ®The anti diastereomer was used as the starting
material.

Scheme 3. Titanium-Catalyzed C=C Double Bond Migration
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Because the C=C migration could also be catalyzed by
titanium hydride, the exact nature of the hydride remains difficult
to identify. We therefore reinvestigated the whole process. In a
first experiment, the titanium-mediated hydroalumination, which
was initially performed with 10% of Cp,TiCl,, was now
performed using a catalyst loading of 20%. The resulting
allylaluminum was allowed to react with benzaldehyde at —50 °C
for 1 h and was then warmed to 50 °C and stirred for 2 h. In a
second experiment, the allylaluminum generated in the first place
was allowed to react with the aldehyde at 50 °C for 2 h. In both
cases, the expected C=C double bond migration was observed,
and the conjugated dienic alcohol was obtained as the major
product (Scheme 4). This example shows that regioisomeric
compounds could be obtained by simply adjusting the addition
temperature of the aldehyde.

Scheme 4. Temperature Influence upon Titanium-Mediated
C=C Double Bond Migration

oMl o

| cat Cp,TiCl L |pncro | 2 H o
3 N & —_— BN
DIBAL-H 50 °C Ph| s0°Cc Ph
[A]]
PhCHO
+50 °C Iy oH +50 °C
then H,O £ 3 then H,O
Ph

[A]] = Al(i-Bu),

This sequence, involving two titanium-catalyzed tranforma-
tions (i.e., the fulvene hydroalumination and the C=C double
migration), was next applied to various aldehydes (Table 3). At

Table 3. One-Pot Allylation/C=C Double Bond Migration
Cp,TiCly (10 %)

R R R R
[ DIBALH (1.1 equiv) L OH L OH

THF, 4 h, 50 °C 3 H
R R

then R'CHO, 2 h, 50 °C
1 2
entry R R R’ 1or2 yield (%)

1 Ph Ph Ph 1x 65
2 2-adamantyl Ph 2a 65
3 2-adamantyl 4-MeO-C¢H, 20 89
4 2-adamantyl n-Bu 2i 74
S 2-adamantyl t-Bu 1j 77
6 2-adamantyl 2-NH,-C¢H, In 86

“Isolated yield.

first, the C=C double bond migration did not proceed in the
case of diphenylfulvene (entry 1), as anticipated from the
experiment using the Schwartz reagent (vide supra, Table 1,
entries S and 6). In contrast, conjugated dienic alcohols derived
from aromatic (entries 2 and 3) and linear alkyl (entry 4)
aldehydes could be efficiently obtained from adamantylfulvene.
Unfortunately, limitations to this process still remain with
aldehydes containing bulky alkyl groups or extra coordinating
fragments (entries Sand 6).

Alcohols 2 were characterized by different degrees of
substitution within the dienic system; therefore, selective
transformations were envisioned to illustrate the synthetic
potential of the methodology. Thus, alcohol 2a was acylated
and selectively dihydroxylated to afford the corresponding diols 3
and 3’. Although a low diastereoselectivity was observed, the
major isomer 3 could be isolated in the pure form. Subsequent
protection and ozonolysis gave the corresponding ketone,"’
which was immediately reduced using NaBH, to provide the
cyclopentanol $ as a single diastereoisomer in 63% yield (Scheme
S).

In summary, an efficient zirconium and titanium hydride-
catalyzed C=C double bond migration is described. Applied to

Scheme 5. Synthetic Application
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nonconjugated dienic systems derived from pentafulvenes, this
method allows the selective formation of the corresponding
conjugated dienes. Combined with our previously described
titanium-catalyzed hydroalumination of pentafulvenes, a diver-
gent access to regioisomeric dienic alcohols could be achieved by
simply adjusting the temperature of addition of the aldehyde.
The synthetic interest of this method was illustrated by the
diastereoselective synthesis of polyhydroxycyclopentane. Inves-
tigations regarding an extension of this method to other dienic
systems are currently underway.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.5b03195.

Experimental procedures, characterization, and copies of
'H and "*C NMR spectra of all new compounds (PDF)

B AUTHOR INFORMATION
Corresponding Author

*E-mail: jean-luc.vasse@univ-reims.fr.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge CEFIPRA, the Université de Reims-
Champagne-Ardenne, and the CNRS for financial support, and
Agathe Martinez, Sylvie Lanthony, and Dominique Harakat
(ICMR-UMR?7312) for technical assistance.

B REFERENCES

(1) (a) Fringuelli, F.; Taticchi, A. Dienes in the Diels—Alder Reaction;
Wiley: New York, 1990. (b) Luh, T. Y.; Wong, K.-T. Synthesis 1993,
1993, 349—370. (c) Mehta, G.; Rao, H. S. P. The Chemistry of Dienes and
Polyenes; Rappoport, Z., Ed.; Wiley: New York, 1997; Vol. I, pp 359—
480. (d) Bickvall, J. E. Palladium-Catalyzed 1,4-Additions to
Conjugated Dienes. In Metal-Catalyzed Cross-Coupling Reactions; De
Meijere, A., Diederich, F., Eds.; Wiley-VCH: Weinheim, 2004; Vol. 2, pp
479-529.

(2) (a) Zhang, J.; Li, Y.; Wang, W.; She, X.; Pan, X. J. Org. Chem. 2006,
71, 2918—2921. (b) Abraham, S; Mallia, V. A,; Ratheesh, K. V,;
Tamaoki, N.; Das, S. J. Am. Chem. Soc. 2006, 128, 7692—7698. (c) Davis,
R.; Kumar, N. S. S.; Abraham, S.; Suresh, C. H.; Rath, N. P.; Tamaoki,
N,; Das, S. J. Phys. Chem. C 2008, 112, 2137—2146. (d) Burghart, J;
Briickner, R. Angew. Chem., Int. Ed. 2008, 47, 7664—7668. (e) Han, S. B.;
Hassan, A,; Kim, L. S.; Krische, M. J. J. Am. Chem. Soc. 2010, 132, 15559—
15560.

(3) For conjugated diene synthesis involving a Wittig or a similar
olefination approach, see: (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995,
95, 2457—2483. (b) Yoo, K. S;; Yoon, C. H; Jung, K. W. J. Am. Chem.
Soc. 2006, 128, 16384—16393. (c) Batsanov, A. S.; Knowles, J. P.;
Whiting, A. J. Org. Chem. 2007, 72, 2525—2532. (d) Gowrisankar, P.;
Pujari, S. A; Kaliappan, K. P. Chem. - Eur. J. 2010, 16, 5858—5862.
(e) Candy, M.; Tomas, L.; Parat, S.; Heran, V.; Bienaymé, H.; Pons, J.-
M,; Bressy, C. Chem. - Eur. . 2012, 18, 14267—14271.

(4) For conjugated diene synthesis involving an alkene/alkene cross-
coupling reaction, see: (a) Shang, X.; Liu, Z.-Q. Chem. Soc. Rev. 2013, 42,
3253—-3260. (b) Xu, Y.-H.; Ly, J.; Loh, T.-P. J. Am. Chem. Soc. 2009, 131,
1372—1373. (c) Yu, H.; Jin, W.; Sun, C.; Chen, J.; Du, W.; He, S.; Yu, Z.
Angew. Chem., Int. Ed. 2010, 49, 5792—5797. (d) Xu, Y.-H.; Wang, W.-].;
Wen, Z.-K,; Hartley, J. J.; Loh, T.-P. Tetrahedron Lett. 2010, 51, 3504—
3507. (e) Besset, T.; Kuhl, N.; Patureau, F. W.; Glorius, F. Chem. - Eur. J.
2011, 17, 7167—7171. (f) Wen, Z. K; Xu, Y.-FL; Loh, T.-P. Chem. - Eur.
J. 2012, 18, 13284—13287. (g) Zhang, Y.; Cui, Z.; Li, Z.; Liu, Z.-Q. Org.

6205

Lett. 2012, 14, 1838—1841. (h) Gigant, N.; Gillaizeau, I. Org. Lett. 2012,
14,3304—3307. (i) Chen, Y.; Wang, F.; Jia, A.; Li, X. Chem. Sci. 2012, 3,
3231-3236. (j) Yu, Y.-Y,; Georg, G. Chem. Commun. 2013, 49, 3694—
3696. (k) Gigant, N.; Bickvall, J.-E. Chem. - Eur. J. 2013, 19, 10799—
10803.

(S) (a) Negishi, E.-L; Maye, J.-P.; Choueiry, D. Tetrahedron 1995, S1,
4447-4462. (b) Maye, J.-P.; Negishi, E.-I. Tetrahedron Lett. 1993, 34,
3359-3362.

(6) (a) Schwartz, J.; Labinger, J. Angew. Chem., Int. Ed. Engl. 1976, 1S,
333—340. (b) Wipf, P.; Jahn, H. Tetrahedron 1996, 52, 12853—12910.

(7) (2) Hart, D. W.; Schwartz, J. J. Am. Chem. Soc. 1974, 96, 8115—
8116. (b) Annby, U.; Karlsson, S.; Gronowitz, S.; Hallberg, A.; Alvhall,
J.; Svenson, R. Acta Chem. Scand. 1993, 47, 425—433. (c) Annby, U.;
Gronowitz, S.; Hallberg, A. Acta Chem. Scand. 1990, 44, 862—863.
(d) Annby, U.; Gronowitz, S.; Hallberg, A. Acta Chem. Scand. 1990, 44,
862—863. (e) Marek, I; Chinkov, N.; Levin, A. Synlett 2006, S01—514.

(8) (a) Erker, G; Kehr, G.; Frohlich, R. Adv. Organomet. Chem. 2004,
51, 109—162. (b) Erker, G.; Kehr, G.; Frohlich, R. J. Organomet. Chem.
2004, 689, 4305—4318.

(9) A similar evolution toward a conjugated styryl system from
nonconjugated olefins was previously observed: (a) Karlsson, S;
Hallberg, A.; Gronowitz, S. J. Organomet. Chem. 1991, 403, 133—144.
(b) Gibson, T. Organometallics 1987, 6, 918—922.

(10) (a) Joseph, J.; Jaroschik, F.; Radhakrishnan, K. V.; Vasse, J.-L.;
Szymoniak, J. Chem. Commun. 2013, 49, 4549—4551. (b) Joseph, J.;
Jaroschik, F.; Harakat, D.; Radhakrishnan, K. V.; Vasse, J.-L.; Szymoniak,
J. Chem. - Eur. . 2014, 20, 5433—5438.

(11) Titanocenes have been previously reported for converting 1,5-
dienes to conjugated dienes: Mach, K.; Turecek, F.; Antropiusova, H,;
Petrusova, L.; Hanus, V. Synthesis 1982, 1982, 53—55.

(12) 1a was recovered when using DIBAL-H without additive.

(13) Attempts to purify the ketone by flash column chromatography
led to elimination product.

O

9 n oAc Ph
: = —
Om £~ chromatography _ O™
Ph — " o 7( A

o

DOI: 10.1021/acs.orglett.5b03195
Org. Lett. 2015, 17, 6202—6205



