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Abstract: The sodium amalgam (2 Na per M) reduction of hydrocarbon solutions of the chloro, aryl oxide compounds
[M(OCgH3P,-2,6)%Cls], (1) and [M(OGH3Pr»-2,6%Cl2] (2) (a, M = Nb; b, M = Ta) in the presence of 1,3-
cyclohexadiene leads to formation of thé-cyclohexadiene derivatives [M(QB3Pr»-2,6%Cl(1*CsHs)] (3) and

[M(OCeH3Pr»-2,6)5(17*-CeHg)] (4). Spectroscopic studies
cyclohexadiene ligand which does not readily undergo

of compourgland4 show in all cases a strongly bound
displacement (NMR) with added reagents suchRis PMe

and cyclohexene. Single crystal X-ray diffraction analyse8a&nd the isomorphous pada and4b show in all

three cases a geometry about the metal center best described as three-legged piano stool. Gamglboathlyze

the disproportionation of 1,3-cyclohexadiene into cyclohexene and benzene as well as the hydrogenation of 1,3-
cyclohexadiene and cyclohexene into cyclohexane. Mechanistic studies clearly show that cyclohexene is not released
during the conversion of 1,3-cyclohexadiene to cyclohexane catalyzéd by contrast, solutions @awill convert
1,3-cyclohexadiene slowly to cyclohexene prior to conversion to cyclohexane. The addition of 1,3-cyclohexadiene
to the trihydride compounds [Ta(Q@B3Cy>-2,6h(H)3(PMePh)] and [Ta(OGHPh-3,5-Cy,-2,6),(H)3(PMePh)]

leads to the interesting products [Ta(§HaCy2-2,6)(7*-CeH10-7*CsH7)] (5) and [Ta(OGHPh-3,5-Cys-2,6)(17-
CsH107*-CeH7)] (6) which, based upon structural studies€ontain a partially hydrogenated non-Diellder

dimer of 1,3-cyclohexadiene. The addition of 1,3-cyclohexadiene to the dihydride compounds §faP®L
2,6%(Cl)(H)2(PMe,Ph)] and [Ta(OGH3BuU%-2,6)%,(Cl)(H)2(PMePh)] leads to the dehydrogenation product [Tad@£

Pr-72-CMe=CH,)(OCsH3Pr»-2,6)(Cl)(PMePh)] (7) and the

cyclohexyl compound [Ta(@:BU-CMe,CH,)(OCsH3-

Bu'-2,6)(Cl)(GH11)] (8), respectively. The mechanistic implications of these stoichiometric and catalytic reactions

are discussed. Crystal data Raat 200C: NbCIOCsoH42.
b = 21.633(1),c = 10.883(2) A,V = 2881.0(9) R, D. =1
= 704.84, space group2;/c (no. 14),a= 11.562(1)b =16

M = 563.03, space grouphma(no. 62),a=12.237(1),

.298 g cn3, Z = 4; for 4aat 20°C: NbO;C4oHse. M

117(2)c = 21.914(3) A = 103.69(13, V = 3967(2)

A3, D. = 1.180 g cn3, Z = 4; for 4b at —57 °C: TaQ:CsHse. M = 792.88, space group2i/c (no. 14),a =

11.452(2)b = 16.175(3),c = 21.765(3) A p = 103.52(1)
20 °C: TaQCygHs7. M = 857.02, space group Pgno. 4)
= 2095(6) B, D, = 1.358 g cm?3, Z = 2.

Introduction

The demonstrated ability of various aryl oxide derivatives
of niobium and tantalum to carry out the regio- and stereose-
lective hydrogenation of aromatic substratesaises many
mechanistic questions. During the hydrogenation of simple
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aromatic hydrocarbodsas well as aryl-phosphine ligarfdsy
catalysts of this type no products containing partially hydroge-
nated aryl rings have been detected. Furthermore, in a number
of cases that have been studied a predominantlgisitere-
ochemistry has been established for the H(D) atoms introduced
to saturate the arene substrh#e. It is difficult to envisage any
reasonable mechanistic pathway for the hydrogenation of a
benzene ring that does not proceed via intermediate cyclohexa-
diene and cyclohexene fragments. The above observations,
therefore, strongly imply that metal-bound cyclohexadiene and
cyclohexene species should exhibit displacement/dissociation
rates slower than subsequent reaction with whder the
conditions of catalysis. In this paper we report the synthesis
and chemistry of a series of neyf-cyclohexadiene derivatives

of niobium and tantalum containing aryl oxide ligatidnThis

(3) (@) Yu, J. S.; Ankianiec, B. C.; Nguyen, M. T.; Rothwell, I. P.
Am. Chem. Socl992 114, 1927. (b) Ankianiec, B. C.; Fanwick, P. E;
Rothwell, I. P.J. Am. Chem. Sod.991 113 4710. (c) Visciglio, V. M,;
Fanwick, P. E.; Rothwell, I. Rl. Chem. Soc., Chem. Comm&@921505.
(d) Clark, J. R.; Fanwick, P. E.; Rothwell, I. B. Chem. Soc., Chem.
Commun.1995 553.

(4) (@) Yu, J. S.; Rothwell, I. PJ. Chem. Soc., Chem. Commad892
632. (b) Potyen, M. C.; Rothwell, I. Rl. Chem. Soc., Chem. Commun.
1995 849.

© 1997 American Chemical Society



Coordination/Hydrogenation of 1,3-Cyclohexadiene J. Am. Chem. Soc., Vol. 119, No. 15,3487
Scheme 1 Scheme 2
1 OAr
i ( M C'\M;om
@ @ 112 [MOAN,Ch], +2NaHg + © -NaCl_ He.
MH, + @ = ﬂ = i .
M

AR |

- — b;M=Ta

synthetic work is complemented by an investigation of the u
reactivity of previously isolated tantalum hydride compoinds [M(OAN;Cl,] +2NaHg + © - 2NaCl Ho. // “~_H
as well as related niobium catalysts toward 1,3-cyclohexadiene \ =
and cyclohexene. The studies reported here focus on gaining H H

a better insight into the overall mechanism of arene hydrogena-
tion by this specific pedigree of catalyst.

Results and Discussion A~ /@\
Synthesis and Spectroscopic Characterization.The hy- " "

drogenation of an arene substrate can be catalyzed either using
discrete tantalum hydride compounds [Ta(GAKH)x(PRs)n] (3) and [M(OGHsPr-2,6)(17%-CeHg)] (4) (Scheme 2). Al-
(x =2, 3;n =1 or 2y or via the hydrogenolysis of niobium  though3b could be observed in solution B NMR spectros-
alkyl precursors [Nb(OAgRs].* The tantalum reagents exhibit  copy, it was found to convert to mixtures @b and other
low reactivity and are inhibited by trace amounts of free ynjdentified products presumably via ligand exchange processes.
phosphine ligand. The niobium compounds require initial The other three compounds, 4a, and4b were found to be
hydrogenolysis of the Nbalkyl bonds, typically slow at  staple in GDg solution for weeks without any noticeable change
temperatures below 80C, in order to generate the active in their '1H NMR spectra.
catalyst. A recent development has been the use of niobium ThelH NMR spectra (@Ds solution) of3 and4 show well
chloride precursors [Nb(OAsLls] and [Nb(OArkCl;] “acti- resolved resonances for the aryl oxide and cyclohexadiene
vated” by addition of BCLi in the presence of the arene substrate |igands (Figure 1). I8 the lack of a plane of symmetry through
prior to pressurization with B This method generates a  the aryl oxide ligands leads to diastereotopicNi#d doublets.
catalyst active even at ambient temperatures. In all cases four separate, equal intensity multiplets can be
The initial attack of a catalyst containing at least two hydride readily assigned to the nonequivalent protons in#h&€sHs
ligands on a benzene ring would be expected to proceed via anjigand. In thel3C NMR spectra the three carbon atoms of this
intermediate;’-, 7%, or potentiallyr®-cyclohexadienyl, hydride  ligand are also easily detected.
prior to formation of a cyclohexadiene complex (Scheme 1).  We have also investigated the reaction of various tantalum
We have previously isolated just such a cyclohexadiene complexhydride compounds toward 1,3-cyclohexadiene. The colorless
formed via a stoichiometric intramolecular hydrogenation of one trihydride compounds [Ta(OflzCy»-2,6)(H)s(PMePh)] and
of the o-phenyl substituents of a 2,6-diphenylphenoxide ligand [Ta(OCGHPh:-3,5-Cys-2,6)(H)s(PMePh)]® react slowly over
attached to niobium. We have, however, yet to detect the days with 1,3-cyclohexadiene ins0s solution to produce bright
intermolecular reaction of isolated hydrido, aryl oxide com- vyellow solutions of new organometallic compourisind 6
pounds of tantalum with arene substrates; these molecules(Scheme 3). ThéH NMR spectra of these compounds is
exhibit considerable thermal stability, for instance, in benzene extremely complicated, containing a large number of multiplets
solvent. We have found that an alternative synthetic route to in thed 1—7 ppm region. A single crystal X-ray analysis ®f
cyclohexadiene derivatives of these metals involves reduction (yide infra) shows it to contain, besides two terminal aryl oxide
of mixed chloro, aryl oxides in the presence of 1,3-cyclohexa- groups, a new ligand derived by coupling and partial reduction
diene. Previous work has shown that low valent aryl okide of 2 equiv of 1,3-cyclohexadiene. At first sight the exact regio-
and related siloxidederivatives of Nb and Ta are highly reactive and stereochemistry adopted by the organic fragment in this
species able to coordinate and activate a variety of unsaturatednolecule appears haphazard. This particular product can,
substrates. The sodium (2 Na per M) amalgam reduction of however, be rationalized by consideration of results recently
benzene solutions of the compounds [MEEPr2-2,6),.Cl3]. obtained by our group on the extremely rapid regio- and
(1) and [M(OGH3Pr>-2,6)%Cl] (2) (8, M = Nb; b, M = Ta)\° stereoselective dimerization of 1,3-cyclohexadiene catalyzed by
in the presence of 1,3-cyclohexadiene leads to formation of the titanium aryl oxides (Scheme 2). By analogy with this

n*-cyclohexadiene derivatives [M(QB3Pr-2,6),Cl(17*CsHs)] chemistry we propose dimerization of 1,3-cyclohexadiene occurs
(5) Visciglio, V. M.; Nguyen, M. T.; Clark, J. R.; Fanwick P. E,; a.t tantalum yleldIngthre.o'.s._(S_CydOhexenyl)_l'3_.CyC|0he.X&
Rothwell, I. P.Polyhedron1996 15, 551. diene. This occurs by initial loss of Hobserved in solution
(6) Parkin, B. C_; Clark, J. C.; Visciglio, V. M.; Fanwick, P. E.; Rothwell, by *H NMR) yielding a monohydride species. The coupling
I "(%)Oiggﬂ\?vggéal“’\;51/\5’95'3;@63;]006- C.: Steffey, B. D Famwick P. E. of 2 equiv of 1,3-cyclohexadiene at the resultirfgnuital center
Rothwell, I. P.Pc')lyh'edr"on1995 14, 3293, P "Tocan producg Six isomeric 9-tarjtalaoctahydrofluorene complexes.
(8) Allen, K. D.; Bruck, M. A; Gray, S. D.; Kingsborough, R. P.; Smith, ~ The cis-anti-cis and cis-syn-cis3,4,5,6,1a,4a,5a,8a-octahydro
D. P.; Weller, K. J.; Wigley, D. EPolyhedron1995 14, 3315. derivatives (Scheme 5) have the potential for stabilization via

(9) Wolczanski, P. TPolyhedron1995 14,3335.
(10) Clark, J. R.; Pulvirenti, A. L.; Fanwick, P. E.; Sigalas, M.; Eisenstein, (11) Waratuke, S. A.; Johnson, E. S.; Thorn, M. G.; Fanwick, P. E,;
O.; Rothwell, I. P. To be submitted for publication. Rothwell, I. P.J. Chem. Soc., Chem. Commuad896 XxXxX.
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Figure 1. 200 MHz (GDs) *H NMR spectrum of [Ta(OgHzPr,-2,6)%(17-CsHs)], 4b.
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transfer of the remaining hydride ligand to the 3-cyclohexenyl
formation of z-allyllic interactions. Direct elimination from ring (Scheme 5). The regio- and stereochemistry observed in
either of these intermediates is disallowed as both central 5 can only arise via theis-anti-cisintermediate, theis-syn-
B-hydrogens ardrans to the metal center. The intermediate cis producing an erythro stereochemistry.
5-(3-cyclohexenyl)-1,3-cyclohexadiene can be generated by The stoichiometric reaction of the tantalum dihydride com-
abstraction of a hydrogen atom from the 4-position of one of pound [Ta(OGH3Pr,-2,6)(Cl)(H)2(PMePh)] with 1,3-cyclo-
the rings. This hydrogen can be made accessible to the metahexadiene and cyclohexene is also slow at room temperature
center via a 1,3-shift. The final product is then obtained by and leads to the dehydrogenation product [Ta{@{Er-;?-
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Scheme 6 Table 1. Selected Spectroscopic Data on the Tantalum-Cyclohexyl
Ligand in8

. Hl1 Hia'
Pri Pr! © Me T Cl H2e' _C3 e
. a——
0 i \ (
OO ~Y{

a.
PhMe,P—7 /" ~PMe,Ph

OAr H2e” | |
pi pr H2a Hda
;
J (ppm) coupling constants (Hz)

Scheme 7 H1 1.05m
H2e, H2¢  3.07d, 3.42d 2(1H2a-1H2e) 12.8

Bu H2a H2a  2.05m, 1.84m
1 H3e, H3¢  1.40-1.50 m
Bu Bu @ CH, H3a, H3a 1.25-1.35m
(o)

H, | - (|) CH, H4e 1.58m
MePh,P—=Ta—Cl " Ta + PMePh, H4a 1.20m
w | O A c1 1313 1J13C1-1H1) 1023

o C2,C2 43.0,41.6 1J(13C2-1H2)  124.8,129.1
Bu But Bu But c3,C3 33.2,32.9 1J(13C3-1H3)  a
ca 27.3 1)(13C4-1H4) 1318

aNot resolved.

CMe=CHy,)(OCgH3Pr»-2,6)(Cl)(PMePh)] (7) and cyclohexene

or cyclohexane, respectively (Scheme 6). Previous studies have
shown that7 is formed when the seven coordinate dihydride is
reacted with styren& The dihydride reacts much faster with
1,3-cyclohexadiene than with cyclohexene as monitoretHoy
and3P NMR (vide infra).

The reaction of the six-coordinate dihydride [Ta(§plgButx-
2,6%(Cl)(H)2(PMePh)] with 1,3-cyclohexadiene produces the
cyclohexyl compound [Ta(OgEisBut-CMe,CH,)(OCsH3BUt-
2,6)(CI)(GH11)] (8) (Scheme 7). Compoun8 has also been
obtained by reacting the trichloride [Ta(@3But,-2,6)(Cl)3] 12
with either a mixture of [(BU)s;SnH]/1,3-cyclohexadiene or [Mg-
(c-CgH11)]. The ™H and 13C NMR spectra clearly show the
presence of the cyclometalated 2,@eti-butylphenoxide ligané®
Based upon previously isolated cyclometalated compounds we
assign a pseudotrigonalbipyramidal structur® teith the aryl
oxide oxygen atoms mutuallyrans The solution NMR
spectroscopic properties of the cyclohexyl groupSimre of
some interest. The lack of a plane of symmetry leads to six c4
nonequivalent carbon atoms and 11 nonequivalent protons for
the Ta-GHj; unit. Using COSY and HETCOR experiments
most of these resonances and certain coupling constants could
be assigned (Table 1).

The chemical shift for thea-carbon C1 is significantly »
downfield of the region typical for tantalum alkyl groups. Figure 3. Molecular structure of [No(Og1sPr2-2,6)(17*-CeHs)], 4a
Furthermore, théJ(:3C1—H1) coupling of 102.3 Hz is low. An identical numbering scheme is used for isomorphous [TakaC
We interpret these spectroscopic data as possible indications”'z-2:6%(7*-CeHg)], 4.

of an agostic interaction between tleCH bond and the 5,4 a chelated alkyl group). Due to the complexity, a view
tantalum metal centéf. , of the central coordination sphere Bis given in Figure 5. A

~ Solid State Structures. In order to gain a better understand-  sgries of molecules [Mf-CeHs)(PMes)2Cly] (M = Zr, Hf) has

ing of the interaction of 1,3-cyclohexadiene ligands with these paap reported by Green et.}l. The M-O(aryl oxide) distances
particular metal systems, the solid state molecular structures of, the new compounds lie in the very narrow range of 1.886-
3a, the isomorphous paida and 4b, and the dimerization ()1 916(5) A. The most interesting structural feature of these
products were determined. The molecular structures are shown yojecyles concerns the bonding of the cyclohexadiene fragment
in Figures 2-4, while selected structural parameters are 4 the metal center. In Figure 6 the most important features

contained in Tables 24. It can be seen that these four gre highlighted. In compour@athere is a crystallographically
compounds adopt structures that can best be described as thre‘?r‘nposed mirror-plane which indicates a totally symmetric

legged piano stools, the legs consisting of two aryl oxides and jpteraction of the metal center with both sides of the cyclo-
a chloride 8a), three aryl oxides4a, 4b), or two aryl oxides  pexadiene ring (Figure 6). In contrast, in the other three

Figure 2. Molecular structure of [NbCI(Og3Pr>-2,6)(17*-CeHg)], 3a.

(12) Chamberlain, L. R.; Rothwell, I. P.; Huffman, J. @org. Chem. structures there is a pronounced asymmetry to the structural
1984 23, 2575. parameters arising from a slightly closer contact of the metal

(13) Rothwell, I. P.Acc. Chem. Re<.988 21, 153.

(14) Brookhart, M.; Green, M. L. H.; Wong, L. lProg. Inorg. Chem (15) Diamond, G. M.; Green, M. L. H.; Walker, N. M.; Howard, J. A.

1988 36, 1. K.; Mason, S. AJ. Chem. Soc., Dalton Tran&992 2641.
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Figure 4. Molecular structure of [Ta(Og3Cy»-2,6)%(5*-CeHio7*-

CsH7)], 5.

Table 2. Selected Bond Distances (&) and Angles (deg) for
[INDCI(OCsH3sPr2-2,6)(17*-CsHs)], 3a

Nb—O(1)
Nb—Cl
C(10)-C(10)
C(11)-C(12)

Cl-Nb—0(1)
Cl-Nb—C(10)
Cl-Nb—C(11)
O(1)-Nb—O(1y
O(1)-Nb—C(10)
O(1)-Nb—C(10)
Nb—O(1)-C(1)

Visciglio et al.

Table 4. Selected Bond Distances (A) and Angles (deg) for
[Ta(OC)5H3Cy2-2,6)2(171-C6H10-174-C6H7)], 5

Ta—0(10) 1.915(6) C(3HC(32) 1.44(2)
Ta—0(20) 1.916(5) C(32)C(33) 1.40(2)
Ta—C(43) 2.166(10) C(33)C(34) 1.40(2)
Ta—C(31) 2.218(10) C(34)C(35) 1.53(2)
Ta—C(32) 2.297(11) C(35)C(36) 1.56(1)
Ta—C(33) 2.438(10) C(35C(36) 1.55(1)
Ta—C(34) 2.374(10)
O(10)-Ta—O(20)  98.5(3) O(20yTa—C(33)  84.6(3)
O(10)-Ta—C(43)  108.1(3) O(20YTa—C(34)  101.8(3)
O(10-Ta—C(31)  98.7(3) C(43}Ta—C(31) 115.9(4)
O(10y-Ta—C(32)  120.0(3) C(43)Ta—C(32) 135.7(4)
O(10-Ta—C(33)  153.9(3) C(43)Ta—C(33) 110.5(4)
O(10)-Ta—C(34)  159.5(3) C(43)Ta—C(34)  77.5(4)
O(20-Ta—C(43)  108.1(3) TaO(10)>-C(11)  160.3(5)
O(20-Ta—C(31)  131.3(3) TaO(20)-C(21)  141.6(5)
O(20)-Ta—C(32)  95.7(4)
Oo=o B
c43 T)c44
—/ AN
o { Jease
L eaz L

Figure 5. View of the central coordination sphere of [Ta(eHzCy.-
2,6)(1*-CeH1017*-CsH7)], 5.

1.897(2) Nb-C(10) 2.344(4)
2.367(1) Nb-C(11) 2.326(5)
1.37(1) C(10)-C(11) 1.388(7)
1.496(9) C(12yC(12) 1.52(2)
105.24(8)  C(10yNb—C(10)  33.9(2)

87.4(1)  C(10)Nb—C(11)  34.6(2)
115.6(2)  C(16)Nb—C(11)  59.9(2)
102.3(1)  C(11yNb—C(11)  66.8(3)
109.2(1)  O(1yNb—C(11) 82.2(2)
141.6(1)  O(1yNb—C(11)  136.3(2)
151.9(2)

Table 3. Selected Bond Distances (&) and Angles (deg) for

[M(OCeHsPr2-2,6)(-CeHg)] (M = Nb, 4a; Ta, 4b)

Nb Ta
M—0(1) 1.886(6) 1.888(3)
M—0(2) 1.906(6) 1.889(3)
M—0(3) 1.898(7) 1.902(3)
M—C(41) 2.25(1) 2.243(5)
M—C(42) 2.27(1) 2.310(5)
M—C(43) 2.34(1) 2.366(4)
M—C(44) 2.40(1) 2.337(5)
C(41)-C(42) 1.42(1) 1.433(7)
C(41)-C(46) 1.50(1) 1.515(7)
C(42)-C(43) 1.37(2) 1.375(7)
C(43)-C(44) 1.38(2) 1.413(7)
C(44)-C(45) 1.50(2) 1.516(7)
C(45)-C(46) 1.52(2) 1.504(8)
0O(1)-M—-0(2) 103.6(3) 102.9(1)
0(1)-M—-0(3) 103.0(3) 100.6(1)
0(2)-M—0(3) 109.9(3) 108.3(1)
O(1)-M—C(41) 91.5(3) 91.7(2)
O(1)-M—C(42) 95.4(4) 95.9(2)
O(1)-M—C(43) 125.6(4) 125.6(1)
O(1)-M—C(44) 155.1(4) 156.2(2)
0(2-M—C(41) 99.4(3) 103.6(1)
0(2)-M—C(42) 132.7(4) 136.9(1)
0(2)-M—C(43) 125.2(4) 127.7(1)
0O(2-M—C(44) 91.8(4) 92.9(1)
0O(3)-M—C(41) 142.8(4) 142.0(1)
0O(3)-M—C(42) 107.1(4) 105.8(1)
0(3)-M—C(43) 83.2(4) 82.9(1)
0(3)-M—C(44) 89.6(4) 91.0(2)
M—0(1)-C(11) 162.5(6) 164.8(3)
M—0(2)-C(21) 150.8(6) 149.5(3)
M—0(3)-C(31) 149.8(6) 150.9(3)

center with one of the diene double bonds. This situation is
not detected in solution foda and 4b where the proton
multiplicities indicate either a symmetric interaction is present,

or else the molecules are fluxional.

3a 4a

W)
2.40(1)

Nb 1.52(2)

1.469(9)

2.326(5)

1371 Nb 1.52(2) 1.372

2.326(5)
m)

4b 5

225(1)

1.50(1)

1.516(7) 1.532)

2.337(5) 2.37(1)

1.375(7) a 1.504(8) 1.40(2) la 1.56(1)

2243(5) 23001 | 5 551y

1.515(7) 1.55(1)

Figure 6. Structural parameters (A) for thg-bound cyclohexadiene
ligands in3a, 4a, 4b, and5.

The literature now contains a large number of transition metal
compounds containing*-bound 1,3-cyclohexadiene to which
the compounds obtained in this study can be compared. Directly
related are the even larger set of transition metal derivatives of
1,3-butadiend® In these acyclic species there is the potential
for formation ofy*-strans-1,3-diene structures. In the case of
the n*-s<cis-1,3-butadiene complexes, Nakamura and Yasuda
have carried out an extensive analysis of the determined solid
state structure¥2 They have focused upon three key parameters
for discussing the bonding in these molecules. The first is the
dihedral anglef) subtended by the CIM—C4 and C+C2—

(16) (a) Yasuda, H.; Nakamura, Angew. Chem., Int. Ed. Endl987,

26, 723. (b) Yasuda, H.; Tatsumi, K.; Nakamura,Acc. Chem. Re4985
18, 120.
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Scheme 8 Table 5. Structural Parameters for 1,3-Cyclohexadiene Complexes
M ML compd Ad 0 Al ref
\ 3a —0.018 85.1 0.018 a
_ \ 4a 0.020 83.7 0.030 a
4b —0.048 86.0 0.048 a
A B M@ 5 —-0.075 89.6 0.020 a
y \9\ [CpCr(7-CoHe){ P(OMe}] 0113 785 —0003 17
\L\ ty—C3 [CpMo(5*-CsHg)(dppe)][PH] 0.006 85.6 0.027 18
[(Cp-CH:CH:NMez)Mo 0.116 79.0 0.027 19
\ (7*-CsHe) (CO)][PF]
[W(7*-CsHg)(CO)(CeH1dF4Si)] 0.145 77.4 —0.093 20
[Mn(#7*-CeHg)2(CO)] 0.083 80.0 0.011 21
0.080 80.3 —0.036
C3—C4 best fit planes. This is also a key parameter in [Re@y* CsHg)(75-CsHs)(H)] 0.032 816 0.026 22
discussing related heteroatom containing five-membered met- [Re(n:-CeHs)(H)a(PPh)] 0.153 814  0.002 23
allacycles, although in these cases the “fold” angle {1@0is [Fe(r*-CeHz)o(CO)] g'ggg gg'g :8'822 24
normally quoted to highlight distortions from planarity. The [Fe(*-CeHs)(CO)] 0071 801 0017 25
other two parameters are differences in metarbon and [Fe7*-CeHg)(COY(PPh)] 0.052 81.1 —0.008 26
carbon-carbon bond lengths defined as follows: [Fe@r*-CeHg)(CO)A{ P(0-tol)3}] 0.085 80.0 0.011 27
[Fe@r*-CeHgs)(COX(CNE)] 0.033 81.1 —0.028 28
Ad=[dM—C1)+ dM—C4)]/12 - EFeEn;‘-CeHs%COEC(OEt)(o—t)c])I)}] 0.165 759  0.102 29
N . Fe(7*-CsHg) (CO)(CeH10F4Siy 0.159 745 —0.053 30
[AM=C2)+dM=C3)J2  [re)3:4-CeHe)(PHPRYCO)] 0111 786 0027 31
_ [FeReg*-CeHg)(%-C7Hg)(CO)] 0.073 80.9 0.004 32
Al =[I(C1-C2)+ [(C3-C4)])/2 - I(C2-C3) [Fes(7*-CeHg)(NPy)(CO)] 0.095 79.4 —0.003 33
- R . Fes(n*-CeHs)(S)(CO 0.077 79.5 0.006 34
For transition metal derivatives of 1,3-butadiene, there was {Rﬁ((,?4_C§Hj))((a3§c)] i 0114 795 —0047 35
a distinct trend involving a larger value éffor early d-block 0.111 80.3 —0.036
metal complexes compared to later transition metals. This [CpRu(*-CsHg)(CO)][BF,] 0.124 79.7 —0.032 36

correlated well with values okd (the two being geometrically [RU3(CAO)8(774-CGH8)(H)z(COMe)] 0.042 822 —0.007 37
tied) while there was a less pronounced trend involvixig [Rus(y’-CeHg)(Cyclophane)(CQ) 0070 811 —0.017 38

4
These trends were interpreted in terms of two limiting resonance {gé((ZA:g:EZ))E((:Co)gi]O)M] 8:823 gé:g 8:8(5)3 ?18
bonding pictures; a “conventionalf*-s-Cis-1,3-butadiene struc-  [Osy(;*-CeHg)(75-CeHe)(H)s(COxg] ~ 0.006 83.2 —0.089 41
ture (A) adopted by later transition metals ands8,£-bonded) 0.059 81.0 0.046
metallacyclopent-3-ene structut@)(found for the Group 5and  [C02(17*-CeHg)2(CO)] 0.086 81.0 —0.028 42
in particular by the Group 4 metals (Scheme'8)By direct [Ir(7*-CeHg)z(2-furyl)] 0.038 823 —0.014 43

analogy we can evaluate the structural parameters for 1,3- aThis study.

cyclohexadiene complexes to asses the importanag-af3-

cyclohexadiene andst,z-bonded) metallanorbornene bonding (most negative value ofAd Figure 7) implying that these

pictures (Scheme 8). In Table 5 are collected the valugs of  molecules may best be represented by th& -bonded)

Ad, andAl for the compounds obtained in this study and for metallanorbornene bonding modeB)( A study of related

other derivatives of 1,3-cyclohexadiene contained in the Cam- Group 5 metab;®-arene complexes has identified a metallan-

bridge Crystallographic Database?® It can be seen thatthe  orbonadiene bonding description as reason#ble.

new Group 5 metal compounds have the largest value$ for  Reactivity Studies. Solutions of they*-1,3-cyclohexadiene
(17) Betz, P.; Dohring, A.; Emrich, R.; Goddard, R.; Jolly, P. W.; Kruger, complexes{%a, 4a, and4bin CeDs Sowent are stable for weeks

C.; Romao, C. C.; Schonfelder, K. U.; Tsay, Y.-Polyhedron1993 12, at ambient temperatures when monitored I NMR. As

2651. discussed abovedb slowly is converted tath. When these
(18) Prout, K.; Daran, J.-Chcta Crystallogr., Sect. B977 33, 2303. g4 tions are heated at 132G, thermal decomposition occurs

(19) Wang, T.-F.; Wen, Y.-SJ. Organomet. Chenl992 439 155. -
(20) Hseu, T.-H.; Lin, C.-H.; Lee, C.-Y.; Liu, C.-S. Chin. Chem. Soc. to produce benzene, cyclohexene, and cyclohexane (typically a

(Taipei) 1989 36, 91. 50:40:10 mixture byH NMR and GC) along with unidentified
(21) Kundig, E. P.; Timms, P. L.; Kelly, B. A.; Woodward, ®.Chem.

Soc., Dalton Trans1983 901. (33) Song, Jeong-Sup; Han, Sung-Hwan; Nguyen, S. T.; Geoffroy, G.
(22) Green, M. L. H.; O’'Hare, D.; Bandy, J. A.; Prout, K.Chem. Soc., L.; Rheingold, A. L.Organometallics199Q 9, 2386.

Chem. Commuri984 884. Green, M. L. H.; O'Hare, DJ. Chem. Soc., (34) Nekhaev, A. I.; Alekseeva, S. D.; Kolobkov, B. I.; Aleksandrov,

Dalton Trans.1987 403. G. G.; Toshev, M. T.; Dustov, H. Bl. Organomet. Cheni991, 401, 75.
(23) Baudry, D.; Ephritikhine, M.; Felkin, H.; Dromzee, Y.; Jeannin, Y. (35) Ernst, R. D.; Melendez, E.; Stahl, Organometallics1991 10,

J. Organomet. Chen1984 272, 403. 3635.
(24) Kruger, C.; Tsay, Y.-HJ. Organomet. Cheni971 33, 59. (36) Crocker, M.; Green, M.; Morton, C. E.; Nagle, K. R.; Orpen, A. G.
(25) Tam, W.; Eaton, D. F.; Calabrese, J. C.; Williams, |. D.; Wang, Y.; J. Chem. Soc., Dalton Tran$985 2145.

Anderson, A. GChem. Mater1989 1, 128. (37) Churchill, M. R.; Beanan, L. R.; Wasserman, H. J.; Bueno, C;
(26) Pearson, A. J.; Raithby, P. R.Chem. Soc., Dalton Tran$981, Rahman, Z. A.; Keister, J. BOrganometallics1983 2, 1179.

884. (38) Blake, A. J.; Dyson, P. J.; Ingham, S. L.; Johnson, B. F. G.; Martin,
(27) Howell, J. A. S.; Palin, M. G.; Tirvengadum, M.-C.; Cunningham, C. M. J. Chem. Soc., Dalton Tran$995 1063.

D.; McArdle, P.; Goldschmidt, Z.; Gottlieb, H. BEl. Organomet. Chem. (39) Braga, D.; Sabatino, P.; Dyson, P. J.; Blake, A. J.; Johnson, B. F.

1991, 413 2609. G. J. Chem. Soc., Dalton Tran$994 393.
(28) Behrens, H.; Thiele, G.; Purzer, A.; Wurstl, P.; Moll, M. (40) Blake, A. J.; Dyson, P. J.; Johnson, B. F. G.; Martin, C. M.; Nairn,

Organomet. Cheml978 160, 255. J. G. M.; Parisini, E.; Lewis, . Chem. Soc., Dalton Tran993 981.
(29) Chen, J.; Yu, Y.; Hu, L.; Jin, ZJ. Organomet. Chenl993 447, (41) Chen, H.; Johnson, B. F. G.; Lewis, J.; Braga, D.; Grepioni, F.;

113. Parisini, E.J. Chem. Soc., Dalton Tran$991, 215.
(30) Hseu, T.-H.; Lin, C.-H.; Lee, C.-Y.; Liu, C.-S. Chin. Chem. Soc. (42) Stephens, F. S. Chem. Soc., Dalton Tran$972 1752.

(Taipei) 1989 36, 91. (43) Muller, J.; Frierdich, C.; Akhnoukh, T.; Qiao, Kk Organomet.
(31) De, R. L.; Vahrenkamp, HZ. Naturforsch., Teil BL986 41, 273. Chem.1994 476, 93.
(32) Huffer, S.; Wieser, M.; Polborn, K.; Sunkel, K.; Beck, Whem. (44) Wexler, P. A.; Wigley, D. E.; Koerner J. B.; Albright, T. A.

Ber. 1994 127, 1369. Organometallics1991, 10, 2319.
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Figure 7. A plot of 6 vs Ad for the n*cyclohexadiene metal

compounds contained in Table 5.

-0.05 0

metal products. The niobium monochlori8aand the tantalum
compound4b appear to be thermally more robust thda
Solutions of4a catalyze the disproportionation of 1,3-cyclo-
hexadiene into benzene and cyclohex&n&Vhen a 0.085 M
solution of 4a in CgDg in the presence of 50 equiv of
1,3-cyclohexadiene is heated at 1%D and monitored byH
NMR complete conversion to a 50:50 mixture of benzene and
cyclohexene occurs over 18 h with less than 3% cyclohexane
being produced.

0= 0-0[J

The 1,3-cyclohexadiene complda will catalyze the hydro-
genation of cyclohexene and 1,3-cyclohexadiene under condi-
tions (ambient temperatures and ptessures of 151000 psi)
which are mild compared to those required for benzene
hydrogenation. At pressures of 900 psi of, Hia will
hydrogenate 50 equiv of cyclohexene or 1,3-cyclohexadiene in
less tha 5 h at 25°C. When a mixture of4a and 1,3-
cyclohexadiene in D¢ is exposed to 1 atm of Hn a sealed
5 mm NMR tube, slow conversion to cyclohexane is observed
with no detection by'H NMR of cyclohexene.

We have further probed this hydrogenation reactivity utilizing
D, as reagent gas. The reaction of 25 equiv of cyclohexene or
25 equiv of 1,3-cyclohexadiene insBs solvent with B (900
psi) catalyzed byla produced cyclohexane which was analyzed
by mass spectrometry (Figure 8). Correcting forf@natural
abundance gives the distribution of isotopologs (Table 6).

It can be seen that the major products are cyclohexane-
and cyclohexanés, respectively. There are, however, mol-
ecules in both samples that are enriched in D-label as well as
molecules that contain lower amounts of deuterium. The
incorporation of excess deuterium can be rationalized in terms
of scrambling processesvide infra). The source of the
hydrogen atoms for formation of molecules such abl{GD
from CgH1p and GHoD3 from CsHg appears to be the aryl oxide
ligands. Related work has shown that during the hydrogenation
of arene substrates withp@as, incorporation of deuterium label
into the Pt substituents of 2,6-diisopropylphenoxide ligands
occurs’ We have also shown that low valent niobium deriva-
tives of this ligand can undergo facile dehydrogenation of an

Visciglio et al.

B Cyclohexene
1,3-Cyclohexadiene

O Cyclohexene + 1,3-Cyclohexadiens

jz T T T T T

89 90 91 92 93 94 95

mfe
Figure 8. Parent molecular ions of cyclohexane produced from the
reaction of cyclohexene, 1,3-cyclohexadiene, and a mixture of cyclo-
hexene and 1,3-cyclohexadiene with dtalyzed byla (see Table 6).

—

96

a7

84 85 86

o-isopropyl substituent to generate chelat@evinyl groups?®
Furthermore, the stoichiometric reaction of the tantalum dihy-
dride compound [Ta(OgE3Pr»-2,6)(CI)(H)2(PMePh)] with
1,3-cyclohexadiene and cyclohexene leads to the dehydroge-
nation product [Ta(OgH3Pr-72-CMe=CH,)(OCsH3Pr,-2,6)-
(Ch(PMePhY] (7)3d and cyclohexene or cyclohexane, respec-
tively. The formation of cyclohexyl compouri(Scheme 7)
presumably arises via initial formation of a cyclohexene
intermediate which then undergoes intramolecular CH bond
activation. It is hence possible that cyclometalation processes
can lead to simultaneous incorporation of excess H into the
product cyclohexane and incorporation of D label into the aryl
oxide ligands (e.g., the process outlined in Scheme 9). When
a mixture of 25 equiv each of cyclohexene and 1,3-cyclohexa-
diene is partially hydrogenated in0s using Dy and catalyst

43, the mass spectrum of the product cyclohexane has essentially
the same isotopic distribution as that obtained in the absence
of cyclohexene (Figure 8, Table 6). This experiment is of
particular mechanistic significance. We can conclude that this
catalyst preferentially hydrogenates 1,3-cyclohexadiene over
cyclohexene. During the course of hydrogenation of 1,3-
cyclohexadiene no intermediate cyclohexene is released by
catalyst precursofa.

The niobium monochloride species [Nb(@GPr»-2,6),Cl-
(7*-CsHg)] (3a) will also catalyze the hydrogenation of cyclo-
hexene and 1,3-cyclohexadiene. In this case the reactivity at
25°C is much lower than that efa. Furthermore, the reaction
with 1,3-cyclohexadiene is found to proceed entirely via
intermediate cyclohexene. Only upon exhaustion of all 1,3-
cyclohexadiene is cyclohexene convertedBhyo cyclohexane.
Hence, in this case intermediate cyclohexene is released into
solution by the catalyst and does not compete with 1,3-
cyclohexadiene as a substrate.

The preferential hydrogenation of 1,3-cyclohexadiene over
cyclohexene is also observed in the stoichiometric reactivity of
[Ta(OGsH3Pr2-2,6)(Cl)(H)2(PMePh)]. This compound reacts
with an excess of an equimolar mixture of cyclohexene and
1,3-cyclohexadiene to produce compouhelong with only
trace amounts of cyclohexane. When the labeled compound
[Ta(OGsH3Pr-2,6)%(Cl)(D)2(PMePh)] is reacted with 1,3-
cyclohexadiene under mild conditions ik solvent, the’H
NMR spectrum of the reaction mixture shows deuterium present
in equal amounts in both methylene groups of cyclohexene. This
is consistent with the reaction occurring by preferential 1,2-

(45) Fischer, M. B.; James, E. J.; McNeese, T. J.; Nyburg, S. C.; Posin,
B.; Wong-Ng, W.; Wreford, S. SJ. Am. Chem. S0d.98Q 102 4941.

(46) Yu, J. S.; Felter, L.; Potyen, M. C.; Clark, J. R.; Visciglio, V. M.;
Fanwick, P. E.; Rothwell, I. POrganometallics1996 15, 4443.
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Scheme 9

mL; D, 900 psi; 25°C.»24 h, 100% conversiof.5 h, 20%

Table 6. Product Distribution from the Reaction of Cyclohexene, Scheme 10
1,3-Cyclohexadiene, and a Mixture of Cyclohexene and He
1,3-Cyclohexadiene with DCatalyzed byda? B¢ 3
product substrates A N N
cyclohexane eHio,° % CsHs,> % [CeHg + CeH1l,¢ % o Af’cn — O
CoH1 0 0 0 SR A i BN
CsH11D 13 0 0 /
CeH10D2 67 4 3 b < D -
CsHoD3 14 21 20
CoHsDa 4 44 47 D,
CeH7Ds 2 28 26
CGHGDG 0 3 4 [ H;C
CsHsD7 0 0 0
a4a, 0.085 mmol; substrate(s), 2.25 mmol (25 per Nb)D§; 0.8 o ?A{n
Pri L T

conversion. e D
Pr D
hydrogenation. Interestingly, when this reaction mixture is O}/l +

Ta
heated further, scrambling of the deuterium label occurs to L7 L He
produce a statistical distribution over all three sites within the Oar N
cyclohexene molecule?d NMR). We propose that this 7 o A
|

scrambling process is being catalyzed by the organometallic Py

product?7. Low valent early d-block metal compounds can b
D D
)\ BEE
? I

catalyze olefin isomerization via the formation of allyl, hydride
H,C

intermediate4’8 Applying this process to cyclohexene-3,4-
D, can account for the statistical distribution of D over the
molecule (Scheme 10). It should also be pointed out that this
process will ultimately lead to the loss of any stereochemistry
of the labels within the product cyclohexene.

Mechanistic Discussion. The above results can be accom-

modated into an overall reaction scheme for the hydrogenation
of benzene, 1,3-cyclohexadiene, and cyclohexene by a metal

or;

dihydride species (Scheme 11). Tjfecyclohexadiene species

H;C
A
Ar -
f o\?“m
Pr' 7
D, D

A\
Ar
o_!.Cl L

Ta

Py ~D
<o

p—

formed by transfer of the two hydrides to benzene has been
shown in this study to be a robust species which reacts readily
with hydrogen. The disproportionation of 1,3-cyclohexadiene catalyzed byda cleanly produces cyclohexene and benzene. A
reasonable pathway for this disproportionation reaction involves
initial loss of benzene and formation of a dihydride which
attacks 1,3-cyclohexadiene to produce a cyclohexene complex.

(47) Akita, M.; Yasuda, H.; Nagasuna, K.; Nakamura,Bull. Chem.
Soc. Jpnl1983 56, 554.
(48) Negishi, E.; Maye, J. P.; Choueiry, Detrahedronl995 51, 4447.
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Scheme 11
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Displacement by 1,3-cyclohexadiene regenerégedn the case
of the hydrogenation of 1,3-cyclohexadiene3ayand4asome

I
M+<;>

[M(OCeH3Pr2-2,6)Cl5] (1), [M(OCeHsPr2-2,6)Cl3] (2) (3, M = Nb;
b, M = Ta), [Ta(OGHsCyz-2,6)(H)s(PMePh], [Ta(OCsHPh-3,5-

M+H, = MH,

of the elementary steps are identical to those in the dispropor- CY2-2.6x(H)s(PMePh)], and [Ta(OGH:BU>-2,6)(Cl)(H)(PMePh)]

tionation sequence. The differing selectivities observed for
catalysts3a and 4a can be ascribed to the reactivity of the
cyclohexene intermediate [Nb(Q@E3sPr,-2,6)(X)(72-CsH10)].

In the case of X= OCgH3Pr,-2,6 (catalystéa) the intermediate
undergoes reaction with Haster than displacement by 1,3-
cyclohexadiene and vice versa for X Cl (catalyst3a). A
cohesive picture of a much faster reaction of metal-hydride

were prepared by reported procedut&s. The spectroscopic data on
[Ta(OGsH3Pr-1?-CMe=CH,)(OCsH3Pr,-2,6)(Cl)(PMePh)] (7) has
been reported The 'H and 3C NMR spectra were recorded on a
Varian Associates Gemini 200 and a General Electric QE-300
spectrometer and were referenced using protio impurities of commercial
benzeneds as an internal standard. TPi¢ NMR spectra were recorded

on a Varian VXR500 spectrometer. Microanalytical data was obtained
in-house at Purdue. All high pressure reactions were performed in a

species with 1,3-cyclohexadiene over cyclohexene is also Parr Model 4561, 300 mL internal volume minireactor.

present. Toward the end of the disproportionation reaction there
are many more equivalents of cyclohexene in solution than 1,3-

[Nb(OCeH3Pri>-2,6),Cl(*CeHg)] (3a). To a sodium amalgam
(0.18 g Na/5 mL Hg) was added [Nb(Q:Pr,-2,6%Cl3]» (18) (2.0 g,

cyclohexadiene. Despite this only traces of cyclohexane are 3.6 mmol) dissolved in hexane (25 mL) and 1,3-cyclohexadiene (0.58

produced, indicating that the intermediate dihydride selectively
attacks the 1,3-cyclohexadiene.
involving 4a as hydrogenation catalyst (Table 6) as well as the
reactivity of tantalum dihydrides with cyclohexene and 1,3-
cyclohexadiene echo this hypothesis.

Conclusions

Stabler*-cyclohexadiene complexes of niobium and tantalum
containing ancillary aryl oxide ligation have been isolated.

Studies show that the cyclohexadiene molecule is strongly bound

The labeling experiments

g, 7.2 mmol) was then added to the system. The mixture was stirred
vigorously for 20 h resulting in the formation of a dark red suspension.
The red solution was filtered from the mixture and driedvacua

The crude product was dissolved in pentane, and slow cooling of the
solution gave3a as red crystals. Yield 1.50 g (74%). Anal. Calcd
for NbCIO,CsoH42: C, 64.00; H, 7.52; Cl, 6.30. Found: C, 63.44; H,
7.51; Cl, 6.55. 'H NMR (C¢Dgs, 30 °C): 6 7.04-7.17 (m, 6H,
aromatics); 5.73 (m, 2H, Gi€H-CH); 3.87 (m, 2H, CH-CH); 2.66

(d, 2H), 2.40 (d, 2H, E,) 2] (*H—1H) = 9.2 Hz; 3.60 (septet, 4H,
CHMey); 1.28 (d, 12H, CHey); 1.25 (d, 12H, Chile;). 13C NMR
(CsDg, 30 °C): 6 159.2 (Nb-O€); 124.9 (CHCH-CH); 99.1 (CH-

CH); 33.0 (CH); 27.8 (CHMe,); 24.5, 24.2 (CHey); 119.2-123.9

to the metal center with structural parameters consistent with a aromatics).

metallanorbornene bonding description. The molecule [Nb-
(OCeH3Pr»-2,6)(17*-CsHg)] (44) catalyzes the disproportionation

[Ta(OCeH3Pris-2,6)Cl(7*-CsHg)] (3b). To a sodium amalgam (0.15
g Na/5 mL Hg) was added [Ta(QBsPr,-2,6%Cl3], (1b) (2.0 g, 3.1

of 1,3-cyclohexadiene into a mixture of cyclohexene and mmol)in benzene (25 mL), and 1,3-cyclohexadiene (1.25 g, 15.5 mmol)
benzene. Compounthalso hydrogenates 1,3-cyclohexadiene was then added to the system. The mixture was stirred vigorously for
selectively over cyclohexene to produce cyclohexane with no 20 h resulting in the formation of a dark orange suspension. The orange
intermediate cyclohexene being released. The much highersolution was filtered from the mixture and driéd vacua Analysis
reactivity of isolated tantalum hydride compounds towards 1,3- ©f the crude product by NMR showed the presencétofontaminated
cyclohexadiene compared to cyclohexene indicates the possibleVith 4b. Over time the3b present was converted &b and another

- . . unidentified tantalum componentH NMR (CgDs, 30 °C): ¢ 6.90—
origin of this selectivity. 7.12 (m, 6H, aromatics); 6.31 (m, 2H, @H-CH); 3.33 (m, 2H, CH-
CH); 2.91 (d, 2H), 2.65 (d, 2H, B,) 2J(*H—'H) = 7.8 Hz; 3.61 (septet,
4H, CHMey); 1.26 (d, 12H, CHey); 1.23 (d, 12H, Cile,).
[Nb(OCeH3Prix-2,6%(*CsHg)] (4a). To a sodium amalgam (0.1
g Na/5 mL Hg) was added [Nb(QH3Pr»-2,6%Cl;] (24) (1 g, 1.4 mmol)
in hexane (10 mL) and 1,3-cyclohexadiene (0.23 g, 2.8 mmol) was
then added to the system. The mixture was stirred vigorously for 15
h resulting in the formation of a dark red suspension. The red solution

Experimental Section

All operations were carried out under a dry nitrogen atmosphere or
in vacuo either in a Vacuum Atmosphere Dri-Lab or by standard
Schlenk techniques. Hydrocarbon solvents were dried by distillation
from sodium/benzophenone and stored under dry nitrogen.
Cyclohexadiene was purchased from Aldrich Chemical Co. and was
dried over 3A molecular sieves prior to use.

1,3-

The compounds was filtered from the mixture and dried vacua The crude product
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was then dissolved in pentane, and slow cooling of the solution gave respectively was observed over the course of several hours. The

4a as red crystals. Yield 0.73 g (72%). Anal. Calcd for
NbO;CsHse: C, 71.57; H, 8.44. Found: C, 71.46; H, 8.484 NMR
(CeDg, 30°C): 6 6.9-7.2 (m, 9H, aromatics); 5.92 (m, 2H, GEH-
CH); 3.98 (m, 2H, CH-CH); 2.51 (d, 2H), 2.22 (d, 2H, B,) 2J(*H—
1H) = 8.7 Hz; 3.61 (septet, 6H,Me,); 1.25 (d, 36H, CHiley);. 13C
NMR (CgDs, 30 °C): 6 159.9 (Nb-OC€); 138.5-123.9 (aromatics);
122.3 (CHCH-CH); 92.4 (CH-CH); 30.2 (CHy); 27.6 CHMey); 24.2
(CHMe,).

[Ta(OCeH3Pri,-2,6%(57%-CsHg)] (4b). To a sodium amalgam (0.1
g Na/5 mL Hg) was added [Ta(QB8sPr>-2,6%Clz] (2b) (1 g, 1.3 mmol)
in hexane (10 mL), and 1,3-cyclohexadiene (0.23 g, 2.8 mmol) was
then added to the system. The mixture was stirred vigorously for 15
h resulting in the formation of an orange-yellow suspension. The
orange solution was filtered from the mixture and driedacua The

reaction was complete aftd h when heated at 100C. Reactions
between the labeled compound [Ta#GPr2-2,6)(Cl)(D)(PMePh))
and 1,3-cyclohexadiene were carried out gHgand monitored byH
NMR.

[Ta(OCeH3BUt-CM82CH2)(OC6H3BUt2-2,6)(C|)(C6H 11)] (8) Method
1. To a suspension of [Ta(QHsBu>-2,6)%Cl3] (0.5 g, 0.71 mmol) in
hexane (5 mL) was added 1,3-cyclohexadiene (0.29 g, 3.62 mmol)
followed by (BU')sSnH (0.63 g, 2.16 mmol), and the resulting mixture
was allowed to stand for 20 h. Removal of the solvientacuoleft
the crude product as a yellow oil contaminated with \gsnCl.
Layering the oil with hexane (5 mL) precipitated the product as a
crystalline yellow solid which was washed with hexane and dimed
vacua Anal. Calcd for GsHss ClO;Ta: C, 57.60; H, 7.40; ClI, 4.94.
Found: C,57.14; H, 7.71; Cl, 5.43H NMR (C¢Ds, 30°C): 6 6.81—

crude product was then dissolved in pentane, and slow cooling of the 7.26 (m, 11H, aromatics); 3.08 (d, 1H), 2.55 (d, 1H, TeC2J(*H—

solution gavetb as orange-yellow crystals. Yield 0.72 g (71%). Anal.
Calcd for TaQCyHse: C, 63.62; H, 7.50. Found: C, 63.39; H, 7.30.
IH NMR (CgDs, 30°C): 6 6.9-7.2 (m, 9H, aromatics); 6.28 (m, 2H,
CH,CH-CH); 3.48 (m, 2H, CH-CH); 2.72 (m, 4H, unresolved d;);
3.65 (septet, 6H, BMey); 1.25 (d, 36H, Chley);. 3C NMR (GsDe,
30°C): 0 156.8 (Ta-O€); 138.9-124.0 (aromatics); 125.8 (CBH-
CH); 84.0 (CH-CH); 31.9 (CH,); 27.3 (CHMey); 24.3 (CHVey).
[Ta(OCsH3Cy2-2,6)(C12H17)] (B). To a suspension of [Ta(QHs-
Cy2-2,6)%(H)s(PMePh)] (0.1 g, 0.11 mmol) in benzene (1 mL) was

added 1,3-cyclohexadiene (0.04 g, 0.55 mmol). The reaction was

warmed at 60C for 3 h until the trihydride was completely dissolved.

1H) = 15.3 Hz); 1.45 (s), 1.47 (s, GBMey); 1.24 (s, Bles). Selected
13C NMR (CsDg, 30°C): 162.6 (Ta-O€); 155.6 (Ta-Oc€); 99.4 (Ta-
CH.CMe,).

Method 2. Addition of an excess 1,3-cyclohexadiene to éDE
solution of [Ta(OGHsBu'>-2,6)%(Cl)(H)(PMePh)] was found upon
standing for several hours to produgedentified byH NMR.

Method 3. When a solution of [Ta(OH3Bu'2-2,6),Cl3] in CgDs is
reacted with [Mg(c-GH11)7], the pale yellow mixture was shown by
1H NMR to contain8 along with other unidentified tantalum species.

Hydrogenation Reactions. Similar procedures were used for all
hydrogenation reactions. A representative example is given for the

The resulting orange solution was layered with hexane to produce hydrogenation of 1,3-cyclohexadiene #& In the Dri-Lab a sample

orange crystals d which were washed with hexane and driedacua
Anal. Calcd for Ta@CssHe7: C, 67.27; H, 7.88. Found: C, 66.98;
H, 7.87. *H NMR (C¢Dg, 30°C):  7.58-6.56 (m); 6.43 (t); 6.13 (t);
5.22 (s, br); 4.74 (d, br); 3.42 (m); 3.21 (m); 3.15 (m); 2.96 (d); 2.8
(m); 2.27-1.11 (m).

[Ta(OCeHPh,-3,5-Cy-2,6)(C12H17)] (6). To a suspension of
[Ta(OGHPh-3,5-Cy-2,6)%(H)s(PMePh)] (0.1 g, 0.08 mmol) in

benzene (1 mL) was added 1,3-cyclohexadiene (0.04 g, 0.55 mmol).

The reaction was warmed at 6C€ for 3 h until the trihydride was
dissolved. The solvent was removiedvacuoto yield the crude as
an orange oil. *H NMR (C¢Ds, 30 °C): 6 7.36-6.87 (m); 6.70 (S);
6.30 (t); 5.55 (t); 4.88 (d); 4.08 (t, br); 3.84 (t, br);3.75 (s, br); 3.38
(m); 3.37 (m); 3.27 (t, br); 3.05 (m); 2.99 (s, br); 2.17 (m); 2.07 (m);
1.95-0.85 (m).

Reactivity of [Ta(OCeH3Pri>-2,6)(Cl)(H) 2(PMezPh);]. A suspen-
sion of the dihydride compound [Ta(@&sPr-2,6)(Cl)(H)(PMePh)]

of 4a (60 mg, 0.085 mmol) was dissolved irs@ (0.8 mL) in a 25

mL round bottom flask. To this solution was added 1,3-cyclohexadiene
(215uL, 2.25 mmol, 25 per Nb), and the flask containing the mixture
was placed inside the pressure reactor which was sealed. After
removing from the Dri-Lab the reactor was “flushed” with 200 psi of
D, pressurized to 900 psi, and allowed to stand for 3 days. The reactor
was depressurized and taken into the Dri-Lab. The reaction mixture
was initially analyzed byH NMR spectroscopy (complete conversion

to cyclohexane) and by GC/MS.
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