ORGANOMETALLICS

Volume 14, Number 1, January 1995

© Copyright 1995
American Chemical Society

Communications

Mechanism of the Palladium-Catalyzed Elimination of
Acetic Acid from Allylic Acetates

Pher G. Andersson* and Szymon Schab

Department of Organic Chemistry, University of Uppsala, Box 631, S-751 21 Uppsala, Sweden

Received May 31, 1994%

Summary: The mechanism of the palladium-catalyzed
elimination of acetic acid from allylic acetates has been
studied. It was found that this process can take place
not only via conventional syn elimination of palladium
hydride but also via an anti elimination pathway.

Introduction. The palladium-catalyzed elimination
of acetic acid from allylic acetates was first developed
by Tsuji and Trost? and has since then become a useful
synthetic route to 1,3-dienes. This reaction (eq 1) has
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been thought to proceed via a f-elimination from the
intermediate (c-allyl)palladium complex 1, but the
mechanism has never been subject to closer investiga-
tion. In this communication we present results which
show that an anti elimination is an important pathway.

During our development of palladium-catalyzed an-

® Abstract published in Advance ACS Abstracts, December 1, 1994.

(1) Tsuji, J.; Yamakawa, T.; Kaito, M.; Mandai, T. Tetrahedron Lett.
1978, 2075,

(2) Trost, B. M.,; Verhoeven, T. R.; Fortunak, J. M. Tetrahedron Lett.
1979, 2301.
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nulation chemistry® we prepared some of the requisite
diene starting materials via the route outlined in
Scheme 1. Palladium-catalyzed elimination of HOAc
from the cis-acetate 3 under standard conditions*
resulted in a 5:1 mixture of the two dienes 4 and 5.
During the optimization of the reaction conditions
several bases were tried and it was found that sterically
hindered amines favored the formation of 4. Thus,
triisobutylamine gave a 7:1 ratio between 4 and 5.

We have now undertaken further studies of this
elimination and found that the ratio of 4 and 5 can be
further shifted, depending on which base is used; for
example, the use of DBU resulted in a very much faster
reaction rate and the ratio of 4 and 5 in the isolated
product was >25:1. These findings suggest that the
base is at least in part responsible for the proton
abstraction, a result which stands in sharp contrast to
the commonly accepted syn B-elimination mechanism
in which the base does not participate in the elimination
step. In order to gain further insight into the mecha-
nism, trans-acetate 6 was synthesized via an Sy2
displacement of allylic chloride 2 with sodium mal-

(3) (a) Bickvall, J. E.; Andersson, P. G.; Vagberg, J. O. Tetrahedron
Lett. 1989, 30, 137. (b) Backvall, J. E.; Andersson, P. G. J. Am. Chem.
Soc. 1990, 112, 3683. (c) Backvall, J. E.; Andersson, P. G.; Stone, G.
B.; Gogoll, A. J. Org. Chem. 1991, 56, 2988. (d) Backvall, J. E.;
Andersson, P. G. J. Am. Chem. Soc. 1998, 114, 6374. (e) Bickvall, J.
E.; Granberg, K. L.; Andersson, P. G.; Gatti, R.; Gogoll, A. J. Org.
Chem. 1993, 58, 5445,

(4) The acetate (1 equiv) was dissolved in toluene under a nitrogen
atmosphere. To this solution were added Pd(dba); (0.02 equiv), dppe
(0.04 equiv), and triethylamine (1.5 equiv). The resulting solution was
heated to reflux until the reaction was complete.
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Table 1. Palladium-Catalyzed Elimination of Acetates 3

and 6°
time acetates dienes acetates dienes
(min) 3 6 4 5 3 6 4 5
0 958 4.2 0 0 57 943 0 0

5 874 41 7.6 09 55 939 0.4 0.2
10 742 38 196 24 54 938 0.5 0.3
15 637 32 293 38 53 931 1.0 0.6
30 316 2.1 583 80 50 915 1.9 1.6
45 0 0 882 11.8 46 882 4.8 2.4

60 43 835 79 43
90 38 764 129 6.9
120 28 593 231 1438
240 05 267 466 262
480 0 0 62.1 379

@ The acetate 3 or 6 (1 equiv) was dissolved in toluene under a nitrogen
atmosphere. To this solution were added Pd(dba); (0.02 equiv), dppe (0.04
equiv) and triisobutylamine (1.5 equiv). The resulting yellow solution was
heated to reflux and monitored by GC until the reaction was completed.

onate.’ If the diene formation were to proceed via
B-elimination of palladium hydride, this substrate would
be expected to give rise to diene 4 exclusively, since only
one hydrogen would be syn to palladium in the inter-
mediate g-allyl complexes. However, in contrast with
such a prediction, a substantially greater amount of
diene 5 was formed when 6 was reacted under the same
conditions as 3. As mentioned above, reaction of 3 in
toluene at reflux in the presence of Pd(dba)s, 1,2-bis-
(diphenylphosphino)ethane (dppe) and triisobutylamine
gave a 7:1 mixture of 4 and 5 after 45 min (Table 1).
When 6 was reacted under the same conditions, the
corresponding value was 1.6:1.

It is known that allylic acetates can isomerize in
palladium(0)-catalyzed reactions.2 This isomerization
takes place via a syn migration of acetate from pal-
ladium to carbon in the allyl intermediate to give the
stereoisomeric acetate. To ensure that this pathway
was not operative here, the reactions were followed by
GC, which showed that no isomerization of the starting
material took place during the reaction (Table 1).

Another possible isomerization pathway involves Sy2
attack by “free Pd(0)” on the (7-allyl)palladium complex
and results in a new palladium species in which the
configuration at the n-allyl is now inverted.® This
isomerization is, however, known to be efficiently in-
hibited by the use of a bidentate phosphine ligand such
as dppe.52cd A control experiment was performed in

(5) Backvall, J. E.; Vagberg, J. O. Org. Synth. 1990, 69, 38.

(6) (a) Moreno-Mafias, M.; Ribas, J.; Virgili, A. J. Org. Chem. 1988,
22, 5328. (b) Bickvall, J. E., Granberg, K. L.; Heumann, A. Isr. J.
Chem. 1991, 31, 17. (c) Granberg, K. L.; Bickvall, J. E. J. Am. Chem.
Soc. 1992, 114, 6858. (d) Stary, L; Zajicek, J.; Kocovsky, P. Tetrahedron
1992, 48, 7229,

(7) The spectral data of compounds 7 and 8 were identical with those
reported in the literature: Bickvall, J. E.; Juntunen, S. K. J. Am.
Chem. Soc. 1987, 109, 6396.
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Scheme 2. Elimination Pathways for 3 and 6
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%To a THF solution of the acetate (3 or 6) was added
Pd(OAc); 0.05 equiv) and dppe (0.10 equiv) under an atmo-
sphere of nitrogen. The resulting solution was heated to reflux
for 1 h after which a THF solution of sodium malonate was
added. After the reaction was complete, the crude product was
analyzed by NMR and GC.

which the intermediate z-allyl complex was trapped
with sodium malonate after 1 h of reflux. Trapping the
m-allyl complex derived from acetates 3 and 6, respec-
tively, produced the corresponding bis(malonates) 7 and
8 in a highly stereospecific manner, confirming that no
isomerization of the (7-allyl)palladium complex had
occurred.’

Conclusion. The above-mentioned findings strongly
suggest that an anti-elimination pathway can operate
in the palladium-catalyzed elimination of allylic ac-
etates. A probable mechanism would be a base-assisted
1,2-diaxial elimination of the proton and Pd(0) from a
(o-allyl)palladium intermediate (cf. Scheme 2), which
nicely explains the effect of the base on the regiochemi-
cal outcome of the reaction.
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Summary: Mixed-metal Mo—Sm and W—Sm complexes
can be readily made by reaction of (CsMez)sSm(THF),
with (PPhy)sMoSs and (PPhysWSy. In the molybdenum
case, a trimetallic Mo(V) complex, {{(CsMes)2Sm]oMo(u-
S)4}(PPhy), (1), is obtained. With tungsten, a bimetallic
W(VI) complex, [(CsMes)sSm(u-S)eWSo(PPhy (2), is
isolated. Both complexes contain tetrahedral MS4 units
which coordinate via bridging sulfur atoms to (CsMes)s-
Sm moieties.

Tetrathiometalates such as (MoS4)2~, (WSy)2~, and
(ReS4)™ have been found to coordinate to a wide variety
of transition metals?—8 with interesting ramifications in
hydrodesulfurization catalysis? and molybdoenzyme
chemistry,® but their utility as ligands for the lan-
thanide metals has not yet been explored. Although the
electropositive lanthanide metals have a stronger pref-
erence for oxygen donor ligands than for sulfur, lan-
thanide complexes involving the lower congeners of
main group 16 are known and recent work has shown
that an extensive chemistry is available with these
donor atoms.?~15 Given the tendency of the tetrathio-
metalates to form chelating bidentate structures, they

@ Abstract published in Advance ACS Abstracts, December 1, 1994.

(1) Reported in part at the 207th National Meeting of the American
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(2) Miiller, A.; Diemann, E.; Jostes, R.; Bogge, H. Angew. Chem.,
Int. Ed. Engl. 1981, 20, 934—955.

(3) Miller, A.; Bogge, H.; Schimanski, U.; Penk, M.; Nieradzik, K.;
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seemed to be ideal ligands for formation of mixed-metal
species with the (CsMes)eSm unit,'® which prefers to
coordinate to two additional ligands to form eight-
coordinate structures.l” We report here on the utility
of (CsMes)o:Sm(THF).!8 in forming new heterometallic
group 6 transition-metal lanthanide complexes using
tetrathiometalate anions.

Purple (CsMes)eSm(THF), reacts immediately with
(PPhy)eMoS, to form a red product (1) and PPhg3.1® The
IR spectrum of 1 contains an absorption at 431 cm~! in
the Mo—S region which is shifted from the 458 ¢cm™!
absorption of (Mo0S;)?~. The 'H and 3C NMR spectra
of 1 are consistent with the presence of Sm(III),2 a
single CsMes ligand environment, and (PPhy)*. An
X-ray diffraction study?! revealed that the product
contained one (PPhy)* per trimetallic SmsMo unit; i.e.,
1 is the Mo(V) complex {[(CsMes)eSmloMoS,}(PPhy)
(Figure 1). Reduction of the metal center of a tetrathio-
metalate unit after complexation is rare and has been
observed only in Fe/Mo cubanes.®®

(15) (a) Berardini, M.; Emge, T. J.; Brennan, J. G. J. Am. Chem.
Soc. 1993, 115, 8501-8502. (b) Berardini, M.; Emge, T. J.; Brennan,
d. G. J. Chem. Soc., Chem. Commun. 1998, 1537—1538.

(16) Evans, W. J. Polyhedron 1987, 6, 803—835 and references
therein,

(17) Evans, W. J.; Foster, S. E. J. Organomet. Chem, 1992, 433, 79—
94.

(18) Evans, W. J.; Grate, J. W.; Choi, H. W.; Bloom, I.; Hunter, W.
E.; Atwood, J. L. J. Am. Chem. Soc. 1985, 107, 941—946.

(19) In a glovebox, addition of (CsMe;)o:Sm(THF), (283 mg, 0.5 mmol)
in 10 mL of THF to a suspension of (PPhy);MoS4 (226 mg, 0.25 mmol)
in 5 mL of THF caused an immediate color change from purple to red.
The reaction mixture was stirred for 20 min and centrifuged to remove
solids, and the solvent was removed by rotary evaporation. The crude
product was washed with hexanes to remove any soluble organic
byproducts. The 3P NMR spectrum of the hexane wash confirmed the
presence of PPhy. No signals were observed in the EPR spectrum of 1,
probably due to the presence of Sm(III). Recrystallization from toluene
at —35 °C produced {[(C;Mes):SmleMo(u—S)4}(PPhy) (1) as dark red
crystals (816 mg, 90%). Anal. Caled for CeHgoPS:MoSmy: C, 54.65;
H,5.73; P, 2.20; S, 9.13; Mo, 6.82; Sm, 21.40. Found: C, 55.52; H, 5.81;
P, 2.50; S, 8.44; Mo, 6.31; Sm, 21.55. 1H NMR (CsDs): 6 7.39, 7.03,
6.85, 6.48 and 6.29 (PPhy™), 1.76 (CsMe;). 13C NMR (THF-dg): 4 137.3,
136.3, and 132.7 (PPhy*), 119.9 (CsMes), 34.0 (CsMeg). UV—vis (1.42
x 10~¢ M in THF; A, nm (e)): 470 (6320). IR (Nujol): 2980—2850 (s,
br), 1460 (s), 1375 (s), 1186 (w), 1106 (m), 1066 (w), 996 (w), 742 (w),
722 (s), 689 (m), 526 (s), 431 (s, Mo—S), 301 (m, Sm~S) cm~1. Magnetic
susceptibility (Evans method?8): yu2% K = 290 x 1076 cgsu; u g% K =
1.2 up.

(20) Evans, W. J.; Ulibarri, T. A, J. Am. Chem. Soc. 1987, 109,
4292—4297.

(21) Crystal data for CesHgoPS;MoSms: monoclinic system with cell
dimensions at 183 K of a = 17.212(3) A, b = 13.754(2) &, ¢ = 26.378(4)
A, B =103.63(1)°, and V = 6068(2) A3. The space group is P2)/c with
Z = 4 and Deaea = 1.538 Mg/m3. The structure was solved by direct
methods and refined by full-matrix least-squares techniques using 6505
reflections with |F,| > 3.00(|F,)). At convergence, Rp = 4.27%, Ryr =
4.27%, and GOF = 1.37 for 649 variables. Recrystallization from THF/
benzene at ambient glovebox temperature produces the same com-
pound with one benzene solvent molecule per formula unit in the same
space group with @ = 18.139(7) A, b = 14.208(5) A, ¢ = 27.3041(10) A,
B = 103.01(1)°, and V = 6858.4 (20) A3,

© 1995 American Chemical Society
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Figure 1. Thermal ellipsoid plot of {[(CsMes)2SmI.Mo(u—
S)4}~ with ellipsoids drawn at the 50% probability level.

The solid-state structure of 1 contains essentially
identical (CsMes)eSm(u-S); units which have metrical
parameters typical of eight-coordinate Sm(III).1? The
2.791(2) and 2.796(2) A Sm—S distances are longer than
those in [(CsMes)sSm(THF)(u-S) (2.663(1) and
2.665(1) A).12

Mo—S distances in tetrathiomolybdate complexes
typically do not vary beyond a range of 2.2—2.4 A2 and
the 2.225(2)—2.241(2) A Mo—S distances in 1 are no
exception. For comparison, free MoSs2~ has 2.178(5) A
distances?? and the trimetallic MoS4-bridged complexes
(PPhy)al(CloFe);Mo0S,12 and (NMey)o[(NCCu)sMoS,]24
have distances of 2.204(5) and 2.209(3) A, respectively.
In mixed-valence [(MoS4)oFel®~, the bridging Mo—S
distances are 2.251(5) and 2.260(4)A.2%> The mixed-
valence complex [(MoVIS,)MolVO(MoVvIS,)?~ has an av-
erage Mo(IV)—S distance of 2.408(16) A and an average
Mo(VI)—S(bridging) distance of 2.245(14) A.24

Interestingly, under similar conditions reactions of
(PPh4)2WS4 with (CsMes)zsm(THF)z in THF did not
produce a tungsten analog of 1 but instead yielded [(Cs-
Mes)aSm(u-S); WS21(PPhy) (2).25 Although the spectral
characteristics of 2 were similar to those of 1, they were
not identical and X-ray crystallography was needed for
definitive identification.?® 2 crystallizes with two in-
dependent molecules in the unit cell, each containing a
(PPhy)* group and a bimetallic monoanion having an
eight-coordinate Sm center ligated to a (4-S);WS; unit
(Figure 2). Apparently, in this case reduction of the
tetrathiometalate metal center did not occur. This is
consistent with the difference in redox potentials of

(22) Lapasset, P. J.; Chezeau, N.; Belougne, P. Acta Crystallogr.
1976, B32, 3087—3088.

(23) (a) Coucouvanis, D.; Baenziger, N. C.; Simhon, E. D.; Stremple,
P.; Swenson, D.; Simpoulos, A.; Kosticas, A.; Petrouleas, V.; Papaefthy-
miou, V. J. Am. Chem. Soc. 1980, 102, 1732—1734. (b) Coucouvanis,
D.; Simhon, E. D.; Baenziger, N. C. J. Am. Chem. Soc. 1980, 102, 6644~
6646.

(24) Miller, A.; Dartmann, M.; Rémer, C.; Clegg, W.; Sheldrick, G.
M. Angew. Chem., Int. Ed. Engl. 1981, 20, 1060—1061.

(25) In a glovebox, (CsMe;)2Sm(THF) (56 mg, 0.1 mmol) in 5 mL of
THF was added to a suspension of (PPh,),WS, (99 mg, 0.1 mmol)in 5
mL of THF. The color of the solution changed immediately from purple
to red. The reaction mixture was stirred for 30 min and centrifuged.
Solvent was removed by rotary evaporation, and the resulting solid
was washed with hexanes and toluene. Slow evaporation of a THF
solution at ambient temperature produced [(CsMes):Sm(u-S);WS2]-
(PPh,)»THF (2) as red crystals (67 mg, 860%). PPhs was identified as a
hexane-soluble byproduct. Anal. Caled for C4sHszsOPS,SmW: C, 50.37;
H, 5.11; P, 2.71; S, 11.21. Found: C, 52.08; H, 5.19; P, 2.84; S, 9.28,
H NMR (THF-ds): 6 7.76, 7.72, and 7.31 (PPhy*), 1.05 (CsMes). Bulk
samples were observed to have an additional resonance in the CsMe;
region at 1.13 ppm. 3C NMR (THF-dg): 6 137.0, 136.1, and 1324
(PPhyt), 118.5 (CsMes), 44.7 (CsMes). UV—vis (7 x 10~ M in THF; 2,
nm (¢)) 397 (3735). IR (Nujol): 2980—2850 (s, br), 1460 (s), 1375 (s),
1185 (w),1163 (w), 1106 (m), 1062 (w), 996 (w), 743 (w), 723 (8), 690
(m), 526 (s), 414, 426 (s, v(W—8)), 300 (m, Sm—S8) cm~'. Magnetic
susceptibility (Evans method?8): y29 K = 5138 x 1076 cgsu; yep??8 K =
1.1 us.
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Figure 2. Molecular structure of {{CsMez)sSm(u-S);WSg}~
with ellipsoids drawn at the 50% probability level.

MoS,42~ vs WS,42~. Similar differences have been noted
in some monomeric Mo/W compounds.?’

The structure of 2 is similar to that of 1 except that
the WS~ moiety in 2 is less symmetrical than the
tetrathiometalate in 1 since only two of the sulfur atoms
are bridging. As expected, the bridging W—S distances
(2.209(7)—2.217(7) A) are larger than the terminal W—S
distances of 2.154(8)—2.164(9) A. In comparison, un-
coordinated WS,2~ has an average W—S distance 2.177
A2 W-8 distances, like Mo—S distances, do not typi-
cally span a wide range, and the M—S distances in the
two complexes are similar. The (CsMes ring centroid)—
Sm—(ring centroid) angles in 1 and 2 are similar (Mo,
136.8 and 136.2°; W, 135.1 and 138.5°), and the Sm—C
and Sm~S distances are equivalent within statistical
limits (Sm—(CsMes ring centroid) distance: Mo, 2,439~
2.462 A; W, 2.400-2.419 A and Sm—S: Mo, 2.784(2)~
2.796(2) A; W, 2.817(8)—2.841(7) A). In both complexes,
the cations are well separated from the anions and do
not show any unusual features.

These results show that tetrathiometalates are viable
ligands for the lanthanides and provide a facile way to
make molecular mixed-metal species containing this
combination of metals. In addition, by using (CsMes)s-
Sm(THF); with (M0oS4)2~ an unusual Mo(V) derivative
can be obtained.
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(26) 2 crystallizes with two independent molecules in the asym-
metric unit, and structure solution requires the determination of two
cations, two anions and two noncoordinated THF molecules. Crystal
data for C4sHssOPS,SmW: triclinic, space group P1, with cell dimen-
sions at 176 K a = 22.158(6) A, b = 23.323(6) A, ¢ = 9.611(2) A, 0. =
98.28(1)°, = 91.31(1)°, y = 101.29(1)°, and V = 4813(2) AdwithZ =
4 and Dealeg = 1.561 Mg/m3. The structure was solved by heavy-atom
methods of SHELX 86 and refined by using SHELX 76. Due to a low
data to parameter ratio all the phenyl carbon atoms of PPhy™ were
refined as rigid groups. All the CsMe; carbon atoms were treated
isotropically. The final refinement using 4885 reflections with |F,| >
60(|F,|) converged to Rr = 6.20% and Ryr = 6.0%, for 476 variables.

(27) Pan, W.-H.; Halbert, T. R.; Hutching, L. L.; Stiefel, E. L. J.
Chem. Soc., Chem. Commun. 1985, 927—929.

(28) Evans, D. F. J. Chem. Soc. 1959, 20032005, Becconsall, J. K.
Mol. Phys. 1968, 15, 129—139.
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Efficient Synthesis of rac-(Ethylenebis(indenyl))ZrX,
Complexes via Amine Elimination
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Summary: The amine elimination reaction of 1,2-bis(3-
indenylethane (3) and Zr(NMey)4 (2) affords pure rac-
(EBI)Zr(NMegy); (4; EBI = 1,2-ethylenebis(1-indenyl)) in
68% isolated yield. Treatment of 4 with 2 equiv of Mey-
NH-HC! affords rac-(EBDZrCl; (1) in 92% isolated yield.
Compound 1 can also be prepared directly from 2 and 3
in a “one-pot” synthesis in 69% isolated yield.

Chiral group 4 ansa-metallocenes, originally devel-
oped by Brintzinger,! have been exploited as stereose-
lective catalysts or reagents for a wide variety of
reactions.? Important examples include olefin polym-
erization,3* hydrooligomerization,5*? cyclopolymeriza-
tion,%:d hydrogenation,> epoxidation®'¢ and isomeriza-
tion®® reactions, olefin—pyridine coupling, imine hydro-
genation,” Diels—Alder reactions,®® allylic amine syn-
thesis,® dehydrogenative phenylsilane oligomeriza-
tion,’™ and carbomagnesiation reactions.»

Chiral ansa-metallocenes are normally prepared by
chloride displacement reactions of MCl, compounds and
bis(cyclopentadienyl) dianion reagents. However, these
procedures are inefficient and are hampered by low
yields and tedious separation and purification steps. For
example, Brintzingerlc and Collins® prepared the im-
portant ansa-metallocene rac-(EBI)ZrCl; (1; EBI = 1,2-
ethylenebis(1-indenyl)) by reaction of ZrCl{(THF),; and

® Abstract published in Advance ACS Abstracts, November 15, 1994.

(1) (a) Schnutenhaus, H.; Brintzinger, H. H. Angew. Chem. 1979,
91, 837; Angew. Chem., Int. Ed. Engl. 1979, 18, 777. (b) Wild, F. R.
W. P.; Zsolnai, L.; Huttner, G.; Brintzinger, H. H. J. Organomet. Chem.
1982, 232, 233. (¢) Wild, F. R. W. P.; Wasiucionek, M.; Huttner, G,;
Brintzinger, H. H. J. Organomet. Chem. 1985, 288, 63.

(2) Halterman, R. L. Chem. Rev. 1992, 92, 965.

(3) (a) Ewen, J. A. J. Am. Chem. Soc. 1984, 106, 6355. (b) Kaminsky,
W.; Kulper, K.; Brintzinger, H. H.; Wild, F. R. W. P. Angew. Chem.
1985, 97, 507; Angew. Chem., Int. Ed. Engl. 1985, 24, 507. (c) Ewen,
J. A,; Elder, M. J.; Jones, R. L.; Haspeslagh, L.; Atwood, J. L.; Bott, S.
G.; Robinson, K. Makromol. Chem. Makromol. Symp. 1991, 48/49, 253.
(d) Kaminsky, W.; Engehausen, R.; Zoumis, K.; Spaleck, W.; Rohr-
mann, J. Makromol. Chem. 1992, 193, 1643.

(4) (a) Spaleck, W.; Antberg, M.; Rohrmann, J.; Winter, A.; Bach-
mann, B.; Kiprof, P.; Behm, J.; Herrmann, W. A. Angew. Chem. 1992,
104, 1373; Angew. Chem., Int. Ed. Engl. 1992, 31, 1347. (b) Spaleck,
W.; Kuber, F.; Winter, A.; Rohrmann, J.; Bachmann, B.; Antberg, M.;
Dolle, V.; Paulus, E. F. Organometallics 1994, 13, 954. (c) Stehling,
U.; Diebold, J.; Kirsten, R.; Roll, W.; Brintzinger, H. H.; Jungling, S.;
Mulhaupt, R.; Langhauser, F. Organometallics 1994, 13, 964.

(5) (a) Pino, P.; Cioni, P.; Wei, J. J. Am. Chem. Soc. 1987, 109, 6189.
(b) Pino, P.; Galimberti, M.; Prada, P.; Consiglio, G. Makromol. Chem.
1990, 191, 1677. (¢) Coates, G. W.; Waymouth, R. M. J. Am. Chem.
Soc. 19938, 115,91, (d) Coates, G. W.; Waymouth, R. M. J. Mol. Catal.
1992, 76, 189. (e) Waymouth, R.; Pino, P. J. Am. Chem. Soc. 1990,
112, 4911. (f) Colletti, S. L.; Halterman, R. L. J. Organomet. Chem.
1998, 455, 99. (g) Halterman, R. L.; Ramsey, T. M. Organometallics
1993, 12, 2879. (h) Chen, Z.; Halterman, R. L. J. Am. Chem. Soc. 1992,
114, 2276. (i) Rodewald, S.; Jordan, R. F. J. Am. Chem. Soc. 1994,
116, 4491. (j) Willoughby, C. A.; Buchwald, S. L. J. Am. Chem. Soc.
1992, 114, 7562. (k) Hong, Y.; Kuntz, B. A; Collins, S. Organometallics
1998, 12, 964. (1) Grossman, R. B.; Davis, W. M.; Buchwald, S. L. J.
Am. Chem. Soc. 1991, 113, 2321. (m) Banovetz, J. P.; Stein, K. M.,;
Waymouth, R. M. Organometallics 1991, 10, 3430. (n) Morken, J. P,;
Didiuk, M. T.; Hoveyda, A. H. J. Am. Chem. Soc. 1998, 115, 6997.

(6) (a) Collins, S.; Kuntz, B. A.; Taylor, N. J.; Ward, D. G. J.
Organomet. Chem. 1988, 342, 21. (b) See footnote 7 in: Collins, S.;
Kuntz, B. A,; Hong, Y. J. Org. Chem. 1989, 54, 4154.
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(EBDLis and reported low, variable yields (30—50%).
Buchwald employed (EBI)K; and obtained (EBI)ZrCl,
in 70% yield with a rac/meso ratio of 2/1.7 In general,
current syntheses of chiral C; symmetric ansa-metal-
locenes produce the desired rac isomer in 10—40% yield,
and separation of the chiral rac isomer from the
undesired, achiral meso isomer is not always possible.+8
Here we report that chiral, racemic ansa-zirconocenes
may be prepared in high yield via amine elimination
reactions.

Group 4 organometallic complexes may be prepared
by amine elimination reactions of metal dialkylamide
compounds.? Lappert found that the reaction of Zr-
(NMey)4 (2) with excess cyclopentadiene affords CpsZr-
(NMe2); and 2 equiv of Me;NH; in contrast, the reaction
of 2 with excess indene affords the mono(indenyl)
compound (#5-CoH7)Zr(NMes)s.1° Recently, Teuben
showed that the reaction of the cyclopentadiene—amine
species CsHs(CHg)sNHMe with M(NMey)y (M = Zr, Hf)
affords chelated {#5:7'-CsH4(CH3)sNMe}M(NMeg); com-
plexes in high yield.1! We decided to study the reaction
of ansa-bridged bis(indenes) and group 4 metal dialkyl-
amides to test whether the chelate effect would favor
the formation of bis(indenyl) ansa-metallocenes.

The reaction of Zr(NMey)s (2)'213 with 1,2-bis(3-
indenyl)ethane (8)f under N3 in toluene at 100 °C for
17 h affords the ansa-zirconocene (EBI)Zr(NMes); (4)
in 90% yield in a rac/meso ratio of 13/1. Crystallization
from toluene affords pure rac-(EBI)Zr(NMey); (rac-4) as
orange-red crystals in 68% yield (Figure 1). The evolved
Me;NH was allowed to escape from the reaction vessel
via an oil bubbler, but the vessel was not purged with
N3 during the reaction. The use of chlorobenzene or
nonane as reaction solvent and recrystallization from
hexane give similar results (90—95% crude 4 in a rac/
meso ratio of >9/1; pure rac-4 in 65—75% isolated yield
after recrystallization). The exclusion of light from the
reaction vessel has no effect upon the rac/meso ratio or
yield. rac-4 was characterized by 'H and 3C NMR,

(7) Grossman, R. B.; Doyle, R. A.; Buchwald, S. L. Organometallics
1991, 10, 1501,

(8)(a) Ellis, W. W,; Hollis, T. K.; Odenkirk, W.; Whelan, J;
Ostrander, R.; Rheingold, A. L.; Bosnich, B. Organometallics 1998, 12,
4391. (b) Wiesenfeldt, H.; Reinmuth, A.; Barsties, E.; Evertz, K,;
Brintzinger, H. H. J. Organomet. Chem. 1989, 369, 359. (c) Erickson,
M. S,; Fronczek, F. R.; McLaughlin, M. L. J. Organomet. Chem. 1991,
415, 75. (d) Collins, S.; Hong, Y.; Ramachandran, R.; Taylor, N. J.
Organometallics 1991, 10, 2349.

(9) (a) Lappert, M. F.; Power, P. P.; Sanger, A. R.; Srivastava, R. C.
Metal and Metalloid Amides; Ellis Horwood: Chichester, West Sussex,
U.K,, 1980. (b) Bradley, D. C. Adv. Inorg. Chem. Radiochem. 1972,
15, 259,

(10) Chandra, G.; Lappert, M. F. J. Chem. Soc. A 1968, 1940.

(11) Hughes, A. K.; Meetsma, A.; Teuben, J. H. Organometallics
1993, 12, 1936.

(12) Bradley, D. C.; Thomas, I. M. Proc. Chem. Soc., London 1958,
225; J. Chem. Soc. 1960, 3857.

(13) Chisholm, M. H.; Hammond, C. E.; Huffman, J. C. Polyhedron
1988, 7, 2515.

© 1995 American Chemical Society
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Figure 1. Reagents and conditions: (a) toluene, 100 °C,
17 h, 68% isolated yield; (b) 2 Me;NH-HCI, CH,Cl,, —78 to
+23 °C, 0.5 h, 92% isolated yield; (¢) (i) chlorobenzene, 125
°C, 18 h and (ii) 2 Me;NH-HCI, CH;Cl;, 0 to 23 °C, 38 h,
69% isolated yield.

elemental analysis, and an X-ray crystal structure
determination which confirmed the monomeric struc-
ture.4

Several observations provide insight to the mecha-
nism and stereoselectivity of the reaction of 2 and 3. (i)
Monitoring the reaction at 100 °C in toluene, via 1H
NMR analysis of aliquots taken from the reaction
solution, showed that the binuclear species (u-1%#%5-
EBD{Zr(NMeg)s}s (5) was present initially (ca. 10 mol
% after 2 h, rac/meso ratio approximately 1/1) but
disappeared after several hours. Compound 5 was
prepared independently by the reaction of 2 equiv of Zr-
(NMez)s (2) with (EBI)H; (3) in toluene at room tem-
perature. (ii) The NMR monitoring experiments also
showed that the rac/meso ratio of product 4 was initially
low (2/1 after 2 h) but increased with reaction time
(>50/1 after 5 days). A reaction time of 15-20 h is
optimum for the preparation of rac-4, since prolonged
heating (>1 day) is accompanied by formation of in-
soluble products. (iii) When the reaction was performed
in a closed vessel, from which the MesNH could not
escape, it did not go to completion (a mixture of 3—5
was obtained). (iv) When N3 was bubbled through the
reaction solution to sweep out the amine rapidly as it
was formed, the reaction went to completion but the
final rac-4/meso-4 ratio was low (1/1). These observa-
tions imply that (i) the amine elimination is reversible,
(ii) meso-4 and rac-4 are formed at comparable rates
but rac-4 is the thermodynamically preferred product,
and (iii) the isomerization of meso-4 to rac-4 is catalyzed
by MeNH. These results may be rationalized by
Scheme 1.

In Scheme 1, Zr(NMes), (2) reacts with (EBI)H, (3)
to form the unobserved intermediate 8. Mono(indenyl)
species 6 may undergo reversible intermolecular amine
elimination with a second equivalent of 2 to give
binuclear species 5 or, alternatively, reversible intramo-
lecular amine elimination to give either meso-4 or the

(14) Petersen, J. L. Unpublished results.
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thermodynamically favored rac-4. A critical aspect of
Scheme 1 is the amine-catalyzed meso-4/rac-4 intercon-
version; when Me;NH was swept from the reaction
vessel, this epimerization was inhibited and a 1/1 rac-
4/meso-4 product ratio was obtained.

It is likely that the bis(amide) complex rac-4 could
be used directly as a catalyst or catalyst precursor in
many applications. However, rac-4 may be converted
to the commonly used dichloride derivative rac-(EBI)-
ZrCly (1) in high yield (92%) via reaction with 2 equiv
of MesNH'HCI1 in CHoCl,.1! Alternatively, rac-(EBI)-

(15) Experimental Procedures. All reactions were performed under
an Ny atmosphere using standard glovebox and Schlenk techniques.
Zr(NMey), (2): Solid ZrCl, (12 g, 52 mmol) was added, in several
portions over 2 h, to a suspension of LiNMe, (11 g, 220 mmol) in toluene
(150 mL) at room temperature. The reaction mixture was stirred for
an additional 18 h at room temperature. The solvent was removed
under reduced pressure, leaving an off-white solid, from which pure
Zr(NMey)s (2) was obtained by sublimation at 80 °C/0.05 mmHg, in
83% yield (12 g). The use of toluene rather than THF as the solvent
for this reaction avoids the formation of Lix(THF);Zr(NMes)s and
results in an improved yield.'213 raec-(EBI)Zr(NMeg); (rac-4): Zr-
(NMeg), (2) (1.0 g, 3.7 mmol) and 1,2-bis(3-indenyl)ethane (3; 0.96 g,
3.7 mmol) were placed in a Schlenk vessel, and toluene (20 mL) was
added. The reaction mixture was stirred and heated at 100 °C for 17
h. An aliquot was removed and analyzed by tH NMR. The 'H NMR
spectrum showed that (EBI)Zr(NMe,); (4) was present in 90% yield in
a rac/meso ratio of 13/1. The reaction mixture was filtered, concen-
trated under reduced pressure, and cooled to —20 °C. Filtration
afforded pure rac-(EBI)Zr(NMey)s (rac-4) as orange-red crystals in 68%
yield (1.1 g). rac-4: Anal. Caled for Co4HosNoZr: C, 66.16; H, 6.48;
N, 6.43. Found: C, 66.42; H, 6.40; N, 6.24. "H NMR (360 MHz, C;Ds,
298 K): 6 742 (d, J = 9 Hz, 2 H, indenyl), 7.40 (d, J = 9 Hz, 2 H,
indenyl), 6.93 (dd, J = 7 Hz, J = 9 Hz, 2 H, indeny}), 6.71 (dd, J = 7
Hz, J = 9 Hz, 2 H, indenyl), 6.35 (d, J = 3 Hz, 2 H, C;s indeny}), 5.88
(d, J = 3 Hz, 2 H, C; indenyl), 3.31 (m, 2 H, CHy), 3.10 (m, 2 H, CHy),
2.53 (s, 12 H, NMe,). 3C{!H} NMR (90 MHz, C¢Dsg, 298 K): 4 130.0
(C), 125.8 (CH), 123.3 (CH), 123.2 (CH), 121.3 (C), 120.7 (CH), 117.3
(C), 113.9 (CH), 100.6 (CH), 47.7 (NMey), 28.9 (CH;CHy). meso-4: 'H
NMR (360 MHz, C¢Dg, 298 K): 6 7.56 (d, J = 8 Hz, 2 H, indenyl), 7.39
(d, J = 9 Hz, 2 H, indenyl), 6.88 (m, 2 H, indenyl), 6.70 (m, 2 H,
indenyl), 6.41 (d, J = 3 Hz, 2 H, C; indenyl), 5.86 (d, J = 3 Hz, 2 H, Cs
indenyl), 3.50 (m, 2 H, CHy), 2.99 (s, 6 H, NMe,), 2.94 (m, 2 H, CHy),
1.82 (s, 6 H, NMey). (u-n%95-EBI){Zr(NMe,)s}a (5): A solution of 3
(0.24 g, 0.93 mmol) in toluene (20 mL) was added dropwise at room
temperature to a solution of 2 (0.50 g, 1.9 mmol) in toluene (20 mL).
The reaction solution was stirred for 17 h at room temperature. The
solvent was removed under reduced pressure, affording an orange oil.
The 'H NMR spectrum of the oil showed that (u-1%75-EBI}{Zr(NMez)s}2
(5) was present in 75% yield in a rac/meso ratio of 1/1. Recrystallization
from hexane afforded pure 5 in 19% yield (0.12 g) as a yellow crystalline
solid in an isomeric ratio (6a/5b) of 2/1. Anal. Caled for CspHgoNeZrs:
C, 54.65; H, 7.45; N, 11.95. Found: C, 54.86; H, 7.26; N, 11.76. 5a:
IH NMR (360 MHz, CsDs, 298 K): 4 7.59—7.45 (m, 4 H, indenyl), 6.96—
6.88 (m, 4 H, indenyl), 6.36 (d, J = 8 Hz, 2 H, C; indenyl), 6.20 (d, J
= 3 Hz, 2 H, C; indenyl), 3.39~3.21 (m, 4 H, CH;CH,), 2.80 (s, 36 H,
NMey). 2C{'H} NMR (90 MHz, C¢Ds, 298 K): 6 126.3 (C), 125.2 (C),
123.1 (CH), 122.6 (CH), 122.1 (CH), 121.7 (CH), 116.4 (CH), 114.3 (C),
96.0 (CH), 44.1 (NMey), 29.4 (CH,CHp). 8b: 'H NMR (360 MHz, C¢Ds,
298 K): 6 7.59~7.45 (m, 4 H, indenyl), 6.96—6.88 (m, 4 H, indenyl),
6.26 (d, J = 3 Hz, 2 H, C; indenyl), 6.20 (d, J = 3 Hz, 2 H, C; indenyl),
3.43 (m, 2 H, CHjy), 8.17 (m, 2 H, CHy,), 2.79 (s, 36 H, NMe;). 1BC{'H}
NMR (90 MHz, Ce¢Ds, 298 K): 6 126.5 (C), 125.0 (C), 123.1 (CH), 122.6
(CH), 122.2 (CH), 121.7 (CH), 116.9 (CH), 114.1 (C), 95.7 (CH), 44.1
(NMey), 29.2 (CHCHy). rac-(EBDZrCl: (1) from rac-(EBD)Zr-
(NMeg)s: A solution of MepNH-HCI (0.093 g, 1.1 mmol) in CHCl; (20
mL) was added dropwise to a stirred solution of rac-4 (0.25 g, 0.57
mmol) in CHCl; (20 mL) at —78 °C. The resulting clear, yellow
solution was stirred at room temperature for 30 min. Removal of
solvent under reduced pressure followed by washing with hexane and
extraction of the yellow product into toluene gave, upon removal of
solvent, rac-(EBI)ZrCl; (1) in 92% yield (0.22 g). “One-pot” synthesis
of rac-(EBIZrCl; (1) from Zr(NMej)s: Zr(NMey)y (2) (0.52 g, 1.9
mmol) and 1,2-bis(3-indenyl)ethane (3; 0.50 g, 1.9 mmol) were placed
in a Schlenk vessel, and chlorobenzene (10 mL) was added. The
reaction mixture was stirred and heated to 125 °C for 18 h. An aliquot
was removed and analyzed by 'H NMR. The 'H NMR spectrum
showed that 4 was present in 95% yield in a rac/meso ratio of 10/1.
The reaction mixture was cooled to 0 °C, and a solution of MesNH-HCI
(0.30 g, 3.7 mmol) in CH,Cl; (65 mL) was added dropwise over 30 min,
during which time the color changed from red-orange to yellow. The
reaction mixture was stirred at room temperature for 3 h. The solvent
was removed under reduced pressure to give a yellow powder.
Recrystallization of the yellow powder from CHyCl,; gave pure rac-
(EBD)ZrCl; (1) in 69% yield (0.54 g).
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Scheme 1

g Zr(NMe,)
~ T (D

O 6

3

ZrCl; may be prepared directly in 69% isolated yield in
a “one-pot” synthesis via reaction of Zr(NMegz)s (2) and
(EBDH; (8) in chlorobenzene (125 °C, 18 h), followed
by addition of MeNH-HCI (0 °C), solvent removal, and
recrystallization from CHoCl; (Figure 1).

We conclude that amine elimination offers a simple
and efficient approach to the synthesis of rac-(EBI)ZrX;
compounds.!> We have successfully extended this ap-
proach to the synthesis of other ansa-metallocenes with
Me,Si bridging groups and with different cyclopenta-
dienyl substituents and will report on these later. We

- MezNH 1& MQZNH

O ~ Me;NH
———
? MezNH

Zr(NMey);

MeoNH 1\ - Me;NH

(G=zr(NMe,)s
(S2riNMe,)s

Zr(NMae,)s
meso-5

- Zr(NMey), O

(F=2z1(NMey);
""ZYNMeg)g

rac-5

anticipate that the use of homochiral metal amide
starting materials will enable the efficient synthesis of
enantiomerically pure ansa-metallocenes, which would
greatly facilitate their use in asymmetric synthetic
applications.’
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Summary: The deprotonated 4,13-diaza-18-crown-6 (DAC)
ligand system allows isolation of the yttrium alkyl
species Y(DAC)(CH3SiMes). A crystallographic investi-
gation reveals a monomeric complex containing a seven-
coordinate yttrium center exhibiting no agostic interac-
tions with the alkyl group. The complex is relatively
stable in the solid state but decomposes by ligand
metalation in solution.

Despite the extensive coordination chemistry of the
lanthanides with crown ethers and their N-substituted
analogs (azacrowns),! no attempt has been made to
utilize deprotonated azacrowns as ancillary ligands in
organolanthanide chemistry. Indeed, the only examples
of deprotonated azacrowns as ancillary ligands in or-
ganometallic chemistry are the aluminum alkyl com-
plexes prepared by Robinson? and Gokel and Richey.?

Deprotonated azacrowns are intriguing as ancillary
ligands because they provide a flexible donor array with
the ability to fill one hemisphere of the lanthanide
coordination sphere. We have previously shown that
this coordination mode is realized with deprotonated 4,-
13-diaza-18-crown-6 (DAC)* in Ln(DAC)[N(SiMe;)s] (1).58
In this contribution we report the successful extension
of the DAC ligand system to the synthesis of a hydro-
carbon-soluble monomeric alkyl: Y(DAC)(CHySiMes)
(2).

MeKSi\ /SiMe3
N
| I Ln
Ln
/ \ a Y
N N
D ey oo
c Sm

0 0O

Complex 2 is conveniently prepared by the protona-
tion reaction.”

Y(CH,SiMe,),(THF), + H,DAC —
Y(DAC)(CH,SiMe,) + 2SiMe, + 2THF
2

Attempts to prepare 2 by metathetical routes have been

* To whom correspondence should be addressed.
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(1) For comprehensive reviews see: (a) Biinzli, J.-C. G.; Wessner,
D. Coord. Chem. Rev. 1984, 10, 191. (b) Biinzli, J.-C. G. In Handbook
on the Physics and Chemistry of Rare Earths; Gschneidner, K. A.,
Eyring, L., Eds.; Elsevier: Amsterdam, 1987; Vol. 9, p 321. (c) Hart,
F. A. In Comprehensive Coordination Chemistry; Wilkinson, G., Ed.;
Pergamon Press: Oxford, UK., 1987; Vol. 3, p 1059. (d) Adachi, G;
Hirashima, Y. In Cation Binding by Macrocycles; Complexation of
Cationic Species by Crown Ethers; Inoue, Y., Gokel, G, W., Eds.; Marcel
Dekker: New York, 1990; p 701.
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thwarted by difficulties in cleanly preparing suitable
precursors such as Y(DAC)(C]) or Y(DAC)YOCsH3'Bus-
2,6). Colorless crystalline 2 is very air and moisture
sensitive and undergoes slow thermal decomposition at
room temperature (vide infra).

The NMR spectra of 2 are consistent with a mono-
meric alkyl complex. The DAC region of the 1H NMR
spectrum consists of six multiplets, while only three
triplets are observed for the DAC carbons in the proton-
coupled 3C NMR spectrum, consistent with Cs, mo-
lecular symmetry as found for 1a. A doublet of triplets
pattern is observed for the CHjy carbon of the alkyl due
to yttrium and proton coupling (*Jyc = 89 Hz; lJey =
102 Hz). In addition, the 89Y NMR spectrum (Figure
1) shows a well-resolved triplet (6 +551.2 ppm, 2Jyg =
2.8 Hz), effectively ruling out a static bridging alkyl
structure. The 89Y chemical shift is far downfield of that
in 1a (+401 ppm), consistent with the strong deshield-
ing effect of alkyls, as previously noted by Schaverien.®

The spectroscopic data for 2 do not provide compelling
evidence for an agostic interaction between the a-CH;
protons and Y. While the low value of *Jcg is consistent
with averaging of an agostic (typical range Jey = 40—
80 Hz) and a classical CH (}Jcy in SiMes = 117 Hz),

(2) (a) Robinson, G. H.; Rae, A. D.; Campana, C. F.; Byram, S. K.
Organometallics 19817, 6, 1227. (b) Robinson, G. H.; Sangokoya, S. A.
Organometallics 1988, 7, 1453. (c) Robinson, G. H.; Appel, E. S,;
Sangokoya, S. A.; Zhang, H.; Atwood, J. L. J. Coord. Chem. 1988, 17,
373. (d) Sangokoya, S. A.; Moise, F.; Pennington, W. T.; Self, M. F.;
Robinson, G. H. Organometallics 1989, 8, 2584. (e) Sangokoya, S. A.;
Pennington, W. T. J. Am. Chem. Soc. 1989, 111, 1520. (f) Self, M. F;
Pennington, W. T.; Laske, J. A.; Robinson, G. H. Organometallics 1991,
10, 36.

(3) (a) Gokel, G. W.; Garcia, B. J. Tetrahedron Lett. 1977, 317. (b)
Pajerski, A. D.; Cleary, T. P.; Parvez, M.; Gokel, G. W.; Richey, H. G.,
Jr. Organometallics 1992, 11, 1400.

(4) Systematic name: 1,7,10,16-tetraoxa-4,13-diazacyclooctadecane.

(5) Ln refers to yttrium, lanthanum, and the lanthanides in general
throughout this paper.

(6) Lee, L.; Berg, D. J.; Bushnell, G. W. Inorg. Chem., in press.

(7) Synthesis of 2: All operations were carried out in an argon-filled
glovebox. A solution of H:DACS (0.200 g, 0.762 mmol) in 20 mL of
toluene was added dropwise over 10 min to a vigorously stirred solution
of Y(CH2SiMe3)s(THF).8 (0.377 g, 0.762 mmol) in 20 mL of toluene.
The colorless solution was stirred for 30 min followed by removal of
the solvent under reduced pressure. Recrystallization of the resulting
white powder from a toluene—hexane mixture produced white crystals
of 2 (0.310 g, 70%). Mp: 120 °C dec. *H NMR (250 MHz): & 3.80 (m,
4 H, CH), 3.38 (m, 8 H, overlapping CpH and C.H), 3.33 (m, 4 H, C.H),
3.14 (m, 4 H, C,H), 3.02 (m, 4 H, C,H), 0.42 (s, 9 H, SiMe3), —0.84 (d,
2 H, CH,Si, %Jyg = 2.8 Hz). 13C NMR (90.29 MHz): é 74.2 (t, C,, Jcu
= 143 Hz), 68.1 (t, Cy, 1WJcu = 145 Hz), 55.2 (t, C,, 1Jcn = 128 Hz), 19.4
(dt, CHzSi, 1J\((} =39 HZ, 1J(;H = 102 HZ), 4.9 (q, SiMea, 1JCH =114
Hz). °Si NMR (49.69 MHz). 6 —1.9 (s, SiMe3). NMR spectra were
recorded in CgDs at room temperature; H and 3C spectra were
referenced to residual solvent resonances, 2°Si to external TMS, and
89Y to 3 M YCl; in D20. 'H and 13C assignments refer to the unique
portion of the DAC backbone NC,H,CyH,OCHg: partial assignments
were made by a 'H—13C COSY experiment; endo and exo H assign-
ments have not been made. Anal. Calcd for C,6H3sN204SiY: C, 44.03;
H, 8.08; N, 6.42. Found: C, 43.00; H, 7.81; N, 6.35.

(8) Lappert, M. F.; Pearce, R. J. Chem. Soc., Chem. Commun. 1973,
126.

(9) Schaverien, C. J. Organometallics 1994, 13, 69.
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Figure 1. 2°Y NMR spectrum of 2 (17.64 MHz, C¢Dg).

comparable values have been found for (OEP)Lu[CH-
(SiMes)e] (95 Hz),19 {LuCp*[CH(SiMe;3)2]Clo} Li(TMEDA)
(93 Hz),!! La[CH(SiMes)ls (95.2 Hz),> and Mg[CH-
(SiMea)2)> (100.8 Hz),'® which have been shown crys-
tallographically to contain no significant o-CH agostic
interactions. In fact, for these compounds, observation
of a low 1Jcy value appears to be a rather unreliable
criterion for establishing the presence of an agostic
interaction since Cp*La[CH(SiMes)z]» (100 Hz),4 Cp*La-
[CH(SiMes):Jo(THF) (92 Hz),* and Cp*:YICH(SiMe;3)s]
(84.2 Hz),15 which contain crystallographically verified
a-agostic interactions, span a comparable range of 1Jcy
values.

The uncertainty regarding the presence of an a-ago-
stic CH interaction, as well as the possibility of agostic
B-Si—Me to yttrium bonding,® prompted us to investi-
gate the solid-state structure of 2 by X-ray crystal-
lography (Figure 2).16 The structure of 2 is monomeric,
as suggested by NMR spectroscopy; the nearest inter-
molecular contacts are >3.5 A. The bonding geometry
about Y, like that in 1a,° can be viewed as consisting of
primary trigonal-planar coordination of the anionic
groups (alkyl C and amido N; sum of the angles about
Y for the YN2C unit is 359.9°) with secondary coordina-

(10) Schaverien, C. J.; Orpen, A. G. Inorg. Chem. 1991, 30, 4968.

(11) van der Heijden, H.; Pasman, P.; de Boer, E. J. M.; Schaverien,
C. J. Organometallics 1989, 8, 1459.

(12) Hitcheock, P. B.; Lappert, M. F.; Smith, R. G.; Bartlett, R. A,;
Power, P. P. J. Chem. Soc., Chem. Commun. 1988, 1007.

(13) Hitchcock, P. B.; Howard, J. A. K; Lappert, M. F.; Leung, W.-
P.; Mason, S. A. J. Chem. Soc., Chem. Commun. 1990, 847.

(14) (a) van der Heijden, H.; Schaverien, C. J.; Orpen, A. G.
Organometallics 1989, 8, 255. (b) Schaverien, C. J.; van der Heijden,
H.; Orpen, A. G. Polyhedron 1989, 8, 1850.

(15) den Haan, K. H.; de Boer, J. L.; Teuben, J. H.; Spek, A. L,;
Kojic-Prodic, B.; Hays, G. R.; Huis, R. Organometallics 1986, 5, 1726.

(18) Crystal data for 2: C,sH3sN204SiY, M, = 436.46, monoclinic,
space group P2,/n (No. 14),a = 9.709(5) A, b = 11.704(6)& ¢ =19.523-
(6) A, B=97.634)°, V=21987A3, Z =4, D, = 1.319 g cm™3, u(Mo
Ka) = 27.40 cm~! (graphite monochromated), A = 0.709 32 A, F(000)
= 919.9. The data were collected on a Nonius CAD-4F diffractometer
at ambient temperature (293 K) using the w—6 scan mode (26 =
2—45°). The data were corrected for Lorentz and polarization effects,
and an empirical absorption correction (¥ scan) was carried out. The
structure was solved using direct methods (NRC Solver!?). Of the 2851
unique reflections, 1402 with I > 40(I) were used in the refinement. A
total of 219 parameters were refined using SHELX76,!8 and the
structure converged satisfactorily (maximum shift/esd 0.018). The final
residuals were B = 0.088 and Ry = 0.118.

(17) Larson, A.; Lee, F.; Page, Y.; Webster, M.; Charland, J.; Gabe,
E. NRC Vax Crystal Structure System; NRC: Ottawa, Canada, 1985.

(18) Sheldrick, G. M. SHELX76, Programs for Crystal Structure
Determination; University of Cambridge: Cambridge, U.K., 1976.

(19) Johnson, C. K. ORTEPII; Oak Ridge National Laboratory: Oak
Ridge, TN, 1976.
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Figure 2. ORTEP drawing of 2. Selected bond distances
(A) and angles (deg): Y(1)-N(1) = 2.27(2), Y(1)-N(2) =
2.26(2), Y(1)-0(1) = 2.622(11), Y(1)—0(2) = 2.442(13),
Y(1)-0(8) = 2.431(12), Y(1)—0(4) = 2.534(11), Y(1)—C(13)
= 2.45(2); N(1)—-Y(1)—-N(2) = 111.0(5), N(1)-Y(1)-C(13) =
137.4(6), N(2)—Y(1)—C(13) = 111.5(6), Y(1)—C(13)-Si(1) =
126.4(8).

tion of the four ether oxygens above and below the YN,C
plane. The DAC N-Y and O-Y distances are very
similar to those found in 1a. The Y—C distance of 2.45-
(2 Ais comparable to that found in Cp*;Y[CH(SiMeg3):]
(2.468(7) A),5 the only other structurally characterized
neutral yttrium alkyl species containing a seven-
coordinate yttrium center. Significantly, the long
Y(1) - -Si(1) (3.84(2) A) and Y(1) - -C(14)-C(16) (4.38(2),
4.38(2), and 5.49(2) A) distances rule out any - or
y-agostic interactions. Attempts to refine H(13a) and
H(13Db) isotropically resulted in an unreasonably short
C(13)—H(13b) distance of 0.82(11) A, but the Y(1) - ‘H-
(13a, 13b) nonbonding distance did not shorten signifi-
cantly from the calculated (fixed) distance of 2.92 A. This
distance is far longer than that observed in compounds
believed to contain an o-CH agostic interaction and
would appear to rule out this type of bonding.1415
Complex 2 slowly decomposes (weeks) at room tem-
perature but is stable indefinitely at —30 °C in the solid
state. In d¢-benzene solution, 2 decomposes more
rapidly to produce TMS. The ultimate fate of the
Y(DAC) moiety is not known with certainty, although
the presence of at least 15 13C resonances in the DAC
region strongly suggests that decomposition involves
metalation of the DAC ligand. No evidence for meta-
lation of d¢-benzene (or ds-toluene) or incorporation of
deuterium into TMS was found. Fryzuk has reported
a similar decomposition mode for Ln(PNPM¢),R (PNPMe
= N(SiMe,CHyPMey)z; Ln = Y, R = Ph, CHzPh; Ln =
Lu, R = Ph).?2° Complex 2 is considerably more stable
than Y(PNPMe),(CH;Ph), which is somewhat surprising
given the lower steric shielding anticipated for the DAC
ligand. The higher stability of 2 may be explained by

(20) Fryzuk, M. D.; Haddad, T. S.; Rettig, S. J. Organometallics
1991, 10, 2026.
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Figure 3. Thermal decomposition of 2 at 75 °C (CsDeg).

electronic differences between PNP and DAC, since the
soft P donors of the former ligand are expected to
coordinate more weakly to a lanthanide center than the
hard O donors of DAC. Lanthanide and group 3 alkyls
containing dialkylamido ligation are rare, although the
related Ln(OEP)R series (OEP = octaethylporphyrin)
have been investigated in some detail by Arnold?! and
Schaverien.1022 The greater thermal stability of the
OEP system can probably be attributed to difficulties
in achieving the necessary geometry to allow metalation
of the rigid porphyrin backbone.

In contrast to the Ln(PNPMe);R system, the thermal
decomposition of 2 does not follow simple first-order
kinetics. A plot of the relative amount of alkyl remain-
ing versus time at 75 °C (Figure 3) shows essentially

(21) (a) Arnold, J.; Hoffman, C. G.; Dawson, D. W.; Hollander, F. J.
Organometallics 1993, 12, 3645. (b) Brand, H.; Arnold, J. Organome-
tallics 1993, 12, 3655. (c¢) Brand, H.; Arnold, J. Angew. Chem., Int.
Ed. Engl. 1994, 33, 95.

(22) Schaverien, C. J. J. Chem. Soc., Chem. Commun. 1991, 458.
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zero-order kinetics until less than 15% of the alkyl
remains. This behavior is typical of a heterogeneous
reaction. Since the rate of decay is unaffected by
variable treatment of the NMR tubes, including sili-
conization, but is affected by how recently the sample
of 2 used was isolated, we believe that the decomposition
is autocatalytic and occurs at the surface of the insoluble
Y(DAC) metalation product.2324¢ The same behavior is
obtained throughout the 35—85 °C range, affording an
E, value of 79 kJ mol™! from the Arrhenius plot. It is
clear from these results that the stability of 2 is critically
dependent upon its purity.

Given the monomeric structure of 2, it is clear that a
single DAC ligand is capable of satisfying the steric
requirements of the Y center in a manner similar to that
for Cp* (CsMes™). The unique features of the DAC
system, compared with Cp*, are its flexible geometry
and variable donor complement. These features may
allow the remarkably simple DAC ligand to access areas
of group 3 and lanthanide chemistry hitherto inacces-
sible with the less flexible Cp* system.
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(23) Since decomposition of 2 at the glass surface of the NMR tube
could also yield zero-order kinetics, we carried out the decomposition
studies in tubes that had been cleaned with a variety of agents (HNQs,
HCI, or H;Oz/base prior to repeated water rinses) and dried for varying
lengths of time (2—60 h) at different temperatures. Additionally, for
some runs the tube was siliconized with Me;SiCly.2¢ Regardless of the
treatment used, plots very similar to Figure 3 were obtained in all
cases.

(24) The procedure involved treatment of the tube with 10% HF
followed by a deionized water rinse and oven drying (120 °C) for 1-2
h. After it was cooled, the tube was treated with 3% Me;SiCl; in toluene
followed by oven drying (120 °C, 48 h). This procedure is a modification
of that given in: Model 303 Static Mercury Drop Electrode Operating
aNr:]d Service Manual; EG+G Princeton Applied Research: Princeton,

, 1984.
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Summary: The encapsulated stannocenes [(C3H7)CsH]o-
Sn and [(C3H7)3CsH2/sSn are isolated as an air-stable,
high-melting solid and an air-sensitive oil, respectively;
their physical properties mirror those of alkaline-earth
metallocenes containing these ligands. The X-ray crystal
structure of [(CsH7)4CsH]oSn reveals a bent-metallocene
geometry closely related to that of [(C3H7),CsH]2Ca.

The wide use of the cyclopentadienyl ((CsHs]™) and
pentamethylcyclopentadienyl ([(CsMesl™) ligands in or-
ganometallic chemistry often overshadows the unique
properties possessed by compounds containing other
substituted cyclopentadienyl rings.! For example, the
difference of one isopropyl group between the 1,2,4-
triisopropyl- and 1,2,3,4-tetraisopropylcyclopentadienyl
ligands ([Cp%]~ and [Cp*]-, respectively) induces dra-
matically different properties in their associated group
2 metallocenes.2™5 In particular, the “encapsulated”
(Cp)eAe (Ae = Mg—Ba) metallocenes are high-melting
(>150 °C) crystalline solids that do not react with
nucleophiles such as ethers? or [N(SiMes)z]~ ¢ and
possess moderate air stability (up to 30 min). In
contrast, the (Cp®),Ae metallocenes are lower melting
(<92 °C) oils or waxes that readily form Lewis acid—
base adducts with nucleophiles such as THF® and
decompose in air within seconds. We were interested
in determining whether the widely differing properties
observed for the (Cp®);Ae and (Cp*)Ae compounds
would be reproduced in other metallocenes containing
these ligands,* and report here results for the cor-
responding tin compounds.

The stannocenes (Cp3)eSn and (Cp*)2Sn are prepared
by the metathetical reaction of KCp3 or KCp* with
SnCl; in THF (eq 1).”7 Hexane extraction of the reaction

. THF ,
2KCp™ + SnCl, — (Cp™),Sn + 2KCI (1)

mixtures gives both compounds in high (>80%) yield;
(Cp*28n is isolated as a light yellow, crystalline solid,
whereas (Cp®);Sn is a slightly viscous, deep yellow
0il.5-11 Any impurities in the compounds can be re-
moved by high-vacuum sublimation (140 °C, 10~6 Torr)
for (Cp#)sSn or distillation (100 °C, 1078 Torr) for (Cp3)e-

® Abstract published in Advance ACS Abstracts, December 1, 1994,

(1) Janiak, C.; Schumann, H. Adv. Organomet. Chem. 1991, 33,
291-393.

(2) Williams, R. A,; Tesh, K. F.; Hanusa, T. P. J. Am. Chem. Soc.
1991, 113, 4843—4851.

(3) Burkey, D. J.; Williams, R. A.; Hanusa, T. P. Organometallics
1993, 12, 1331-1337.

(4) Burkey, D. J.; Hanusa, T. P.; Huffman, J. C. Adv. Mater. Opt.
Electron. 1994, 4, 1-8.

(5) Burkey, D. J.; Hanusa, T. P., unpublished results for (Cp*):Mg
and (Cp*),Sr.

(6) Burkey, D. J.; Alexander, E. K.; Hanusa, T. P. Organometallics
1994, 13, 2773—-2786.
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Sn. Analytical and spectroscopic (*H, 13C NMR, IR) data
for the two metallocenes confirm the proposed formula-
tions.”

An X-ray crystallographic study of (Cp*),Sn!? reveals
a bent-metallocene geometry (Figure 1). As observed
in all other previously characterized bent stannocenes,!3
the Cp ligands are displaced from symmetrical #°
coordination; this displacement renders the ring cen-
troid—Sn—ring centroid angle for the complex (165.0°)
substantially larger than the ring normal—Sn-—ring
normal angle (152.2°). Both angles are the largest so

(7) Synthesis of (Cp*);Sn. KCp3 (1.29 g, 5.58 mmol) and SnCl, (0.53
g, 2.79 mmol) were added to 45 mL of THF, and the yellowish
suspension was stirred for 12 h. The THF was removed under vacuum,
leaving a dark yellow residue, which was then extracted with 60 mL
of hexane. Filtration of the extract removed a brown solid; vacuum
evaporation of the hexane from the yellow filtrate gave 1.24 g (89%
yield) of (Cp®)2Sn as a yellow oil, mp ca. —18 °C. (Cp®).Sn can be
distilled at 100 °C and 1076 Torr, but such distillations result in
considerable high mechanical losses of product. Anal. Caled for
CosHyeSn: C, 67.08; H, 9.25. Found: C, 67.35; H, 9.17. 'H NMR
(CeDg): 6 5.68 (s, 2J(Sn—H) = 22.9 Hz, 4 H, ring CH), 2.76—2.84 (two
overlapping septets, 6 H, CHMey), 1.22 (d, J = 6.7 Hz, 24 H, CHj,),
1.20 (d, J = 6.6 Hz, 12 H, CHj;). 13C NMR (C¢Dg): 6 134.2 (1,2-ring
CCHMey), 131.1 (4-ring CCHMey), 102.4 (1J(Sn—C) = 26.5 Hz, ring
CH), 27.9 (4-CHMe), 27.2 (CH3), 25.9 (1,2-CHMey), 25.8 (CHy), 25.2
(CHj3). Principal IR bands (neat, em~1): 3072 (w), 2954 (vs, br), 1459
(m), 1412 (w), 1378 (m), 1360 (m), 1325 (w), 1268 (m), 1177 (m), 1151
(m), 1103 (m), 1051 (m), 1028 (m), 805 (s), 779 (m), 651 (w), 498 (w).
Synthesis of (Cp4):Sn. By the procedure used for (Cp3);Sn, (Cp%);Sn
was prepared from KCp# (0.77 g, 2.83 mmol) and SnCl, (0.27 g, 1.41
mmol) in THF. Bright yellow (Cp%):Sn was isolated from a hexane
extract of the reaction mixture. Purification of the product was
achieved by sublimation at 140 °C and 10-€ Torr, giving 0.685 g (83%
yield) of (Cp*),Sn (mp 162—163 °C). Anal. Caled for C3HssSn: C,
69.74; H, 9.98. Found: C, 70.14; H, 10.09. *H NMR (C¢Ds): 6 5.31 (s,
2J(Sn—H) = 29.6 Hz, 2 H, ring CH), 3.04 (septet, J = 7.2 Hz, 4 H,
CHMey), 2.93 (septet, J = 6.8 Hz, 4 H, CHMey), 1.35(d,JJ = 7.1 Hz, 12
H, CH;), 1.33 (d, J = 7.0 Hz, 12 H, CH3), 1.27 (d, J = 6.8 Hz, 12 H,
CH,), 1.17(d, J = 6.7 Hz, 12 H, CH;). '3C NMR (CgDg): 6 132.1 (ring
CCHMey), 130.2 (1J(Sn—C) = 40.4 Hz, ring CCHMe,), 96.3 (ring CH),
27.3 (CHs), 26.45 (CHMey), 26.35 (CHMey), 26.0 (br, CHs), 25.7 (br,
CHj), 25.3 (br, CH3). Principal IR bands (KBr, cm™1): 3074 (w), 2960
(s, br), 1454 (m), 1402 (w), 1375 (m), 1361 (m), 1341 (w), 1312 (m),
1264 (m), 1179 (m), 1143 (m), 1104 (m), 1055 (m), 984 (w), 886 (w),
780 (s), 668 (m), 619 (W), 491 (m), 373 (), 344 (w).

(8) There are several previous examples in the literature of stan-
nocenes that are oils or liquids at room temperature; e.g., (MeCsHy)o-
Sn,? [MesSi)CsH,128n,10 (2-BuCsHy)2Sn,10 and [(£-Bu)eCsH3loSn. 11

(9) Dave, L. D.; Evans, D. F.; Wilkinson, G. J. Chem. Soc. 1959,
3684—3688.

(10) Hani, R.; Geanangel, R. A. J. Organomet. Chem. 1985, 293,
197-205.

(11) Jutzi, P.; Dickbreder, R.; Noth, H. Chem. Ber, 1989, 122, 865—
870

(12) Crystals of [(C3H7)4CsH:Sn grown from hexane are monoglinic,
space group C2/c, a = 34.05(1) X b=1240(1) A, ¢ = 16.604(6) A, B =
111.52(4)°, V = 6522(13) A3, and Degeq = 1.192 g cm=3 for Z = 8. Data
were collected on a Rigaku AFC6S diffractometer at 293 K using
graphite-monochromated Mo Ka radiation (1 = 0.710 73 A). Continu-
ous w—20 scans with fixed backgrounds were used to collect a total of
6174 reflections (6064 unique) in the range 6° < 26 < 50°, of which
3036 had F > 2.000(F). Data were reduced to a unique set of
intensities and associated o values in the usual manner. No absorption
correction was applied (« = 8.03 cm~1). The structure was solved by
direct methods (SHELXS-86 and DIRDIF) and Fourier techniques. Non-
hydrogen atoms were refined anisotropically. All the hydrogen atoms
were located on difference Fourier maps and were refined isotropically.
The final difference maps were featureless. R = 0.032, R,, = 0.036,
and GOF = 1.21.

© 1995 American Chemical Society
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Figure 1. ORTEP diagram of the non-H atoms of
(Cp%)ySn; thermal ellipsoids are shown at the 35% level.
Selected bond distances (A) and angles (deg): Sn(1)~C(1),
2.575(6); Sn(1)—C(2), 2.641(5); Sn(1)—C(3), 2.772(6); Sn-
(1)—C(4), 2.821(5); Sn(1)—C(5), 2.706(5); Sn(1)—C(18), 2.596-
(6); Sn(1)—C(19), 2.721(5); Sn(1)—C(20), 2.812(5); Sn(1)—
C(21), 2.769(6); Sn(1)—C(22), 2.627(6); Sn(1)—centroid(1),
2.423; Sn(1)—centroid(2), 2.424; ring normal—Sn-—ring
normal, 152.2; ring centroid—Sn(1)—ring centroid, 165.0.

far observed for a bent stannocene!® (the only larger
value being 180° for both angles in the linear stannocene
(PhsC5)28n14), underscoring the exceptional steric bulk
of the [Cp%]~ ligand. However, the bulkiness of the
ligand does not lengthen any of the Sn—C distances from
their expected values; i.e., the Sn—ring centroid (2.423
and 2.424 A) and Sn—C (range 2.575(6)~2.821(5) A;
average 2.703(9) and 2.705(9) A) distances are similar
to those in other previously characterized stannocenes.!s

The isopropyl groups in (Cp*)2Sn orient themselves
in a semi-geared fashion so that they are rotated out of
the plane of the cyclopentadienyl ring by 52.8—89.9°
(average 77.8°) (Figure 1). The isopropyl group orienta-
tion leads to an almost complete encapsulation of the
metal by the [Cp*]~ ligands. Interestingly, nearly the
same orientation of the isopropyl groups is found in the
solid state for (Cp*);Ca;? the similarities in isopropyl
group orientation, combined with the resemblance in
bending angles (ring centroid—Ca—ring centroid angle
of 162.3°) and metal—carbon distances (Ca—C average
of 2.64(1) A), make the two complexes essentially
isostructural. It is natural to view this similarity as a
consequence of the extreme steric bulk of the [Cp*]~

(13) [(Me3S1)3CsH31oSn has been reported to have similarly large ring
centroid—Sn—ring centroid and ring normal—Sn-ring normal angles
of 162(2) and 164° in the solid state. However, the structural
determination was of sufficiently poor quality (R = 0.13, ring C~C
bonds as large as 1.57(4) A) that the reliability of these values is in
question. See: Cowley, A. H.; Jutzi, P.; Kohl, F. X; Lasch, J. G;
Norman, N. C.; Schliiter, E. Angew. Chem., Int. Ed. Engl. 1984, 23,
616—617.

(14) Heeg, M. J.; Janiak, C.; Zuckerman, J. J. J. Am. Chem. Soc.
1984, 106, 4259—-4261.

(15) Jutzi, P. Adv. Organomet. Chem. 1986, 26, 217295,
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ring, but detailed comparisons between the structural
energetics of group 2 and group 14 metallocenes reveal
that the two classes of compounds share quantita-
tively similar preferences for bent structures, in spite
of differences in metal valence electron configura-
tion.16

As observed previously for the corresponding alkaline-
earth metallocenes, the properties of (Cp*)2Sn and
(Cp®)eSn are significantly different. The much lower
melting point of (Cp®)sSn (ca. —18 °C) relative to
(Cp*)sSn (mp 162—163 °C) parallels the behavior in the
alkaline-earth metallocenes (e.g., (Cp®)sCa is isolated
as a supercooled oil that eventually solidifies into a low-
melting solid,* whereas (Cp%)2Ca melts at 196—200 °C).
This trend is apparently linked to the increased freedom
of movement of the isopropyl groups in the [Cp*1- ligand
relative to [Cp%]~.* In addition, the relative air stability
of the stannocenes is dramatically dissimilar. Solid
(Cp*)2Sn can be stored for weeks in air without notice-
able decomposition, and benzene solutions of the com-
pound exposed to air do not begin to decompose for 2—4
h (as monitored by !H NMR). Even after 24 h exposure,
over 90% of the metallocene can be recovered. In
contrast, (Cp®)sSn begins to decompose within minutes
on exposure to air. Thus, the removal of an isopropyl
group on each ring of (Cp*)sSn allows greater access to
the metal center (which leads to increased reactivity
with oxygen) and increases the flexibility of the sub-
stituents on the Cp ligand (which leads to the reduction
in melting point).

No difference between the [Cp®]~ and [Cp%]~ ligands
was noted in attempts to prepare the corresponding
(cyclopentadienyl)tin chlorides by either a 1:1 meta-
thesis reaction (eq 2) or a conproportionation reaction
(eq 3); both methods were unsuccessful.

KCp™ + 8SnCl, = (Cp™),SnCl + KCl} 2)
(Cp™),8n + SnCl, = 2(Cp™),SnCl (3)

Although NMR spectra (CgDg¢ and THF-dg) of the
product mixtures exhibit new resonances that could be
attributed to the desired (Cp™)SnCl compounds (espe-
cially a ring CH peak at 6 5.89 in CgDg for both), these
were always accompanied by peaks for the correspond-
ing metallocenes. Thus, the mono(ring) compounds
appear to be susceptible to disproportionation in both
polar and nonpolar solvents, frustrating attempts to
isolate them in pure form. The disproportionational
instability of (Cp®)SnCl and (Cp#)SnCl is in contrast
with the stability of previously described mono(cy-
clopentadienyl)}tin complexes of unsubstituted cyclo-
pentadiene (i.e., CpSnCl,!7 {CpSn[u-N=C(NMeg)]}2'?),
but it is similar to the observed solution instability of
the mono(pentamethylcyclopentadienyl)tin complexes
Cp*SnCL? Cp*Sn(02CCly), and Cp*Sn(0,CCF3).20-21
Apparently, the enhanced electron-donating ability of
highly alkylated Cp ligands renders the corresponding
mono(ring)tin complexes more prone to disproportion-

(16) Burkey, D. J.; Hanusa, T. P. Comments Inorg. Chem., in press.

(17) Bos, K. D.; Bulten, E. J.; Noltes, J. G. J. Organomet. Chem.
1972, 39, C52—-C5H4.

(18) Stalke, D.; Paver, M. A.; Wright, D. S. Angew. Chem., Int. Ed.
Engl. 1993, 32, 428—429.

(19) Jutzi, P.; Kohl, F. J. Organomet. Chem. 1979, 164, 141-152.

(20) Jutzi, P.; Kohl, F. X. Chem. Ber. 1981, 114, 488—494.
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ation, probably through increased stabilization of the
[Cp’Sn]* fragment. It is worth noting that, unlike the
case with tin, the [Cp#]~ ligand kinetically stabilizes
mono(cyclopentadienyl)calcium complexes (Cp#)CaE(thf),
against solution disproportionation.®

The different physical and chemical properties of
(Cp®)gSn and (Cp%)2Sn emphasize the dramatic effect
that a single isopropyl group can have on metallocenes
containing the [Cp3%]~ and [Cp*]- ligands. Further
investigation of the reactivity of alkaline-earth and tin

(21) The synthesis of (pentamethylcyclopentadienyl)tin bromide by
the solid-state reaction of (y1-Cp*)2SnBr; and Cp*;Sn at 90 °C has been
reported. Apparently, the success of this reaction stems from the
absence of a reaction solvent; no information on the solution stability
of this complex was given (although it was purified by recrystallization
from methylene chloride). See: Jutzi, P.; Hielscher, B. Organometallics
1986, 5, 1201—-1204.
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complexes of [Cp3]~ and [Cp4]-, and the synthesis of
other main-group complexes of these ligands, is in
progress.
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head page.
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B—H Reactivity of a Dihydrobis(pyrazolyl)borate
Ligand: Products of Intramolecular Acyl and Iminoacyl
Hydroboration

Antonio Pizzano,” Luis Sdnchez,” Enrique Gutiérrez,*+ Angeles Monge,* and
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Summary: Upon heating at 70 °C, in toluene, the n*-acyl
H,B(pz*)sMo(n?-C(O)Me)(CO)o(PMes) (1; pz* = 3,5-di-
methylpyrazol-1-yl) rearranges to the complex HB(pz*)s-
Mo(HC(O)Me)(CO)s(PMes) (2), which contains a func-
tionalized acyl ligand resulting from the stereo- and
regioselective intramolecular addition of one of the B—H
bonds of the HyB(pz*); group across the C=0 moiety of
the n?-acyl group. Other complexes of this type, e.g.
H3B(pz*):Mo(r?-C(O)CH3CMe3)(CO)CN-t-Bu)(PMes) or
the related n?-iminoacyl HyB(pz*)oMo(n?-C(N-t-Bu)Me)-
(CO)oPMey), undergo a similar transformation, but the
analogous derivatives containing the unsubstituted HoB-
(pz)s ligand are considerably less reactive toward hy-
droboration.

The reduction of a coordinated acyl ligand is a key
step in some CO hydrogenation reactions, e.g. Fischer—
Tropsch synthesis, hydroformylation, etc.! Recent re-
activity studies of M—acyl complexes? have disclosed a
number of interesting transformations.? Intermolecular
hydrogen transfer from transition-metal hydrides to
isolable acyl functionalities has been achieved,* and

* Universidad de Sevilla-CSIC.

¥ CSIC-Universidad Complutense.

® Abstract published in Advance ACS Abstracts, December 1, 1994,

(1) See for example: (a) Homogeneous Catalysis; Parshall, G. W.,
Ed.; Wiley New York, 1992; (b) Sneeden, R. P. A. In Comprehensive
Organometallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W,
Eds.; Pergamon Press: Oxford, U.K., 1982; Vol. VIII, Chapter 50.2.

(2) (a) Durfee, L. D.; Rothwell, . P. Chem. Rev. 1988, 88, 1059. (b)
Cutler, A. R.; Hanna, P. K.; Vites, J. C. Chem. Rev. 1988, 88, 1363.

(8) (a) Rusik, C. A,; Collins, M. A.; Gamble, A. S.; Tonker, T. L,;
Templeton, J. L. J. Am. Chem. Soc. 1989, 111, 2550. (b) Campion, B.
K.,; Falk, J.; Tilley, T. D. J. Am. Chem. Soc. 1987, 109, 2049. (c) Elsner,
F. H.; Woo, H.; Tilley, T. D. J. Am. Chem. Soc. 1988, 110, 313. (d)
Arnold, J.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J.; Arif, A, M. J.
Am. Chem. Soc. 1989, 111, 149. (e) Zambrano, C. H.; McMullen, A
K.; Kobriger, L. M.; Fanwick, P. E.; Rothwell, I. P. J. Am. Chem. Soc.
1990, 112, 6565. (f) Villiers, C.; Adam, R.; Ephiritikhine, M. J. Chem.
Soc., Chem. Commun. 1992, 1555,

(4) (a) Erker, G.; Kropp, K.; Kruger, C.; Chiang, A.-P. Chem. Ber.
1982, 115, 2447. (b) Martin, B. D.; Matchett, S. A.; Norton, J. R.;
Anderson, Q. P. J. Am. Chem. Soc. 1988, 107, 7952. (c) Martin, B.D;
Warner, K. E.; Norton, J. R. J. Am. Chem. Soc. 1986, 108, 33. (d)
Warner, K. E.; Norton, J. R. Organometallics 1985, 4, 2150. (e)
Marsella, J. A.; Caulton, K. G. J. Am. Chem, Soc. 1980, 102, 1747. (f)
Marsella, J. A.; Folting, K.; Huffman, J. C.; Caulton, K. G. J. Am.
Chem. Soc. 1981, 103, 5596. (g) Maatta, E. A,; Marks, T. J. J. Am.
Chem. Soc. 1981, 103, 3576. (h) Martin, J. T.; Baird, M. C. Organo-
metallics 1988, 2, 1073.

(5) (a) Gregg, B. T.; Cutler, A. R. Organometallics 1992, 11, 4276.
(b) Gregg, B. T.; Hanna, P. K.; Crawford, E. J.; Cutler, A. R. J. Am.
Chem. Soc. 1991, 113, 384. (c) Kovacs, I.; Sisak, A.; Ungvary, F,;
Marko, L. Organometallics 1988, 7, 1025, (d) Wegman, R. W. Orga-
nometallics 1986, 5, 707. (e) Akita, M.; Mitani, O.; Sayama, M.; Moro-
oka, Y. Organometallics 1991, 10, 1394. (f) Crawford, E. J.; Hanna,
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similar acyl reductions by hydrogen, hydrosilanes, and
other reductants have been investigated.® In this
contribution we show that one the B—H bonds of a
coordinated dihydrobis(pyrazolylborate ligand® can be
smoothly and intramolecularly added across the C=0
bond of a Mo-bound #2-acyl moiety. A representative
example of this (to our knowledge) unprecedented
reaction,” which yields products formally derived from
the hydroboration® of the acyl group, is shown in eq 1.
Extension of this rearrangement to related z?-iminoacyl
systems has also been accomplished.

H H
N e

\< Now, \ / /. .c0
N\ N |°\co
O PMes

toluene
e
3h, 70°C

H
|

NP ~0—C(H)Me
TN N
O 1~

PMe3

(1)

2

A toluene solution of complex 1,° maintained at 70
°C for 3 h, results in the formation of the isomeric, red
crystalline product 21° in ca. 60% isolated yield. Evi-
dence for the functionalization of the acyl moiety in the
above transformation comes from NMR studies. Thus,
the elaborated acyl ligand gives rise to two mutually

(6) Trofimenko, S. Chem. Rev. 1993, 93, 943.

(7) For a somewhat related transformation see: Gorrell, I. B.;
Looney, A.; Parkin, G. J. Am. Chem. Soc. 1990, 112, 4068,

(8) (a) Borane Reagents; Pelter, A., Smith, K., Brown, H. C., Eds,;
Academic Press: London, 1988. (b) Zaidlewicz, M. In Comprehensive
Organometallic Chemistry; Wilkinson, G., Stone, F. G. A,, Abel, E. W,
Eds.; Pergamon Press: Oxford, U. K., 1982; Vol. VII, Chapter 45.2.

(9) 1: A solution of MoCl(2-C(O)CH3)CO(PMe;)s® (0.43 g, 1.0 mmol)
in THF (40 mL) was treated with KBpz* (0.29 g, 1.2 mmol). The
suspension was stirred for 5 h, and then CO was bubbled through the
mixture for about 15 min. The solvent was removed under reduced
pressure and the residue extracted with a 1:1 petroleum ether—Et;0
mixture. The insoluble components were filtered off and the solution
cooled. 1 was obtained as yellow crystals (80% yield).

© 1995 American Chemical Society
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Figure 1. ORTEP diagram of Hy;B(pz*):Mo(HC(O)Me)-
(CO)o(PMes) (2) showing the atom-numbering scheme.
Selected bond lengths (A) and angles (deg): Mo—02 = 2.16-
(1), Mo—C2 = 2.18(2), C2—02 = 1.37(2), B—02 = 1.48(2),
02—Mo—C2 = 36.8(5), Mo—02-C2 = 72.5(9), C2—-02-B
= 121(1).

coupled 'H NMR resonances at ¢ 2.18 and 4.00 (doublet,
3H, and quartet, 1H, respectively; %Jugm = 5 Hz),
suggesting the formation of a HC(O)Me group. This
assumption is further supported by the observation of
a 13C{1H} NMR signal at 6 92.2 (d, 2Jcp = 10 Hz), which
experiences doublet splitting upon gate decoupling (1Jcy
= 170 Hz) and longer range coupling to the methyl
protons (3Jcu = 6 Hz). Moreover, a single, sharp
absorption attributable to v(B—H) is detected in the IR
spectrum of 2 at ca. 2475 em™L.

The molecular complexity and bonding mode of the
functionalized ligand present in 2 has been ascertained
by a single-crystal X-ray structural determination.l!
Figure 1 shows an ORTEP view, together with some
important bond distances and angles. As can be seen,
the fragment derived from the original acyl moiety is
trans with respect to the phosphine ligand and is C- and
O-bonded to the Mo atom, with relatively short Mo—
C2 and Mo—02 contacts.!2 Considering the small C2—
Mo—-02 bite angle of 36.8(5)°, the C—O entity can be
thought to occupy a single coordination position, and
therefore, the structure of 2 is that of a distorted
octahedron, with the two pyrazolyl nitrogens, N12 and
N12’, the two carbonyl carbons, C1 and C1’, and the
phosphine ligand occupying the remaining coordination
sites. The B—O bond length of 1.48(2) A is a normal
value.13

(10) 2: After a solution of 1 (0.52 g, 1 mmol) was stirred in toluene
(20 mL) at 70 °C for 3 h, the solvent was stripped off and the residue
extracted with EtO (15 mL), concentrated and cooled, to give dark
pink crystals of 2 (60% yield). Anal. Caled for C17Hp303N,PBMo: C,
43.0; H, 5.9; N, 11.8. Found: C, 42.2; H, 6.2; N, 11.4. Selected
spectroscopic data are given in the text.

(11) Crystal data for 2. This compound crystallizes in the monoclinic
system, space group P2:/m, with unit cell parameters a = 7.522(2) A,
b=15.261(3) A, c = 9.826(3) A, § = 104.52(3)°, V = 1091.9(5) A?, and
Qcaled = 1.44 g cm~3 for Z = 2. Using MoKa radiation on a Kappa
diffractometer, 3145 reflections were measured to 26m.: = 60°, 1339
of which were unique. Most of the calculations were carried out with
the X-Ray 80 system. The structure was resolved by Patterson and
Fourier methods, leading to final values of R(F) = 0.061 and R(F) =
0.062.

(12) Atwood, J. L.; Hunter, W. E.; Rogers, R. D.; Carmona, E;
Wilkinson, G. J. Chem. Soc., Dalton Trans. 1979, 1519.

(13) Borodinski, L.; Sinn, E.; Grimes, R. N. Inorg. Chem. 1982, 21,
1928.
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In order to gain a better understanding of this
unusual reaction, other related systems have been
investigated. The hydroboration reaction is more facile
for complexes of the sterically demanding HsB(pz*),
ligand, as compared to those of the less encumbered
H.B(pz); group (pz* = 3,5-Me2C3NoH; pz = C3N2Hj).
Thus, apart from 1, other related HoB(pz*); complexes
such as the neopentyl-derived species HaB(pz*)eMo(7?2-
C(O)CHz-t-Bu)(CN-t-Bu)(PMes3) (8) undergo readily the
addition of B—H across the acyl C—0 bond to yield the
corresponding hydroborated product (e.g. 4, eq 2).

H\Bl Np
0=C

\< N\r%““\u/";o toluene

ON/ Io\CNBu‘ 70°C,1h
PMe;

H
|

'{“’B\o—cm)Np
Ne Ny
C’>\ A emu

PMe3
4

However, the HyB(pz); analog of 1 requires considerably
more forcing conditions: while the half-life of the 1 —
2 conversion in toluene, at 70 °C, is ca. 1 h, the
equivalent transformation of the complex HyB(pz)sMo-
(72-C(O)Me)(CO)2(PMe3), under the same experimental
requirements, is over 1 order of magnitude slower (£12
~ 30h). Asaresult,in this HyB(pz) system observation
of the hydroboration products is often hampered by
other competitive reactions, leading to different prod-
ucts. 14

Extension of this transformation to the analogous #2-
iminoacyl compounds proves attainable (eq 3). Some-

H H
\Bl B‘t\N= C/Me
K&\\ IN...,,M}A/,CO toluene
\@I’ IO\CO 6h, 110°C
PMe3

5

! But
\ J B — /
N N— C(H)Me
T /N \\ / _‘,‘..CO (3)

d\N/ M|°\ co

PMe;
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what more forcing conditions are nevertheless de-
manded and, for example, hydroboration of the C=N
bond of HyoB(pz*)aMo(n2-C(N-£-Bu)Me)(CO)o(PMe;)15:16
requires heating at 110 °C, in toluene for 6 h. Once
again, the HyB(pz2) analogs are considerably less reac-
tive, no conversion to the B—H addition product being
detected after heating HyB(pz)sMo(2-C(N-£-Bu)Me)-
(CO)o(PMe3) in toluene, at 110 °C, for 6 h. The func-
tionalized iminoacyls have also been characterized by
spectroscopy.

Preliminary kinetic studies show the conversion of 3
into 4 is intramolecular and exhibits clean, first-order
kinetics over at least 3-4 half-lives (toluene, 70 °C, as
determined by 31P{1H} NMR spectroscopy). A detailed
kinetic and mechanistic investigation is presently under
way. Inthe meantime, we note that a plausible reaction
pathway could involve a concerted, stereospecific and
regioselective addition!” of one of the B—H bonds to the
acyl or iminoacyl functionality.? Close proximity of the
reacting B—H and C=X moieties may be facilitated by
dissociation of one of the pyrazolyl rings of the HyB-
(pz*): ligands.!® This hypothesis finds support in the
aforementioned qualitative observations regarding the
influence of the steric demands of the HoB(pz')2 group

(14) For example, H2B(pz):Mo(n2-C(O)CHg-¢-Bu)}(CN-¢-Bu)(CO)-
(PMe3) yields mainly the 2-iminoacyl H2B(pz)eMo(n2-C(N-¢-Bu)-neo-
Pe)(CO)o(PMes).

(15) 5: To a stirred solution of 1 (0.52 g, 1 mmol) was added an
equimolar amount of CN-¢-Bu (1.0 mL, 1.0 M solution in THF). After
2 h complete reaction took place, and the mixture was evaporated to
dryness. Redissolving the residue and cooling the resulting solution
vielded 5§ as a red crystalline product (80% yield).

(16) 6: A solution of 5 in toluene was stirred in toluene at 110 °C
for 6 h. Removal of the solvent, extraction in hexanes (20 mL), and
cooling of the resulting solution gave 6 as red crystals (60% yield). Anal.
Calcd for C21H370:NsPBMo: C, 47.6; H, 7.0; N, 13.3. Found: C, 47.4;
H, 7.2; N, 12.8. Selected spectroscopic data; M—CO, IR bands (Nujol
mull) at 1892 and 1774 cm~1, 13C{1H} NMR signals at 6 228.8 (d, 2Jcp
= 9 Hz) and 233.7 (d, 2Jcp = 18 Hz). Hydroborated iminoacyl: H
NMR (500 MHz, C¢Dg, 25 °C) 6 1.3 (s, 9 H, CMey), 2.1 (dd, 3Jyp = 5.0
Hz, 3Jgg = 1.5 Hz, 3 H, HC(N-t-Bu)Me), 2.8 (q, 3%Jun = 6.5 Hz, 1 H,
HC(N-t-Bu)Me).

(17) The reactions are highly stereospecific and furnish a single
stereomer as the kinetic product of the hydroboration. Longer reaction
times lead, however, to mixtures of two or three isomers whose nature
is presently being investigated.

(18) n! coordination of a poly(pyrazolyl)borate has been demon-
strated recently. See: Gutiérrez, E.; Hudson, S. A.; Monge, A.; Nicasio,
M. C.; Paneque, M.; Carmona, E. J. Chem. Soc., Dalton Trans. 1992,
2651.

(19) Carmona, E.; Sanchez, L.; Marin, J. M.; Poveda, M. L.; Atwood,
dJ. L.; Priester, R. D.; Rogers, R. D. J. Am. Chem. Soc. 1984, 106, 3214.
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upon the course of this transformation. More compel-
ling evidence is derived from the isolation, after the
thermal activation of 1 in the presence of 3—5 equiv of
PMej, of the complex H(pz*)B(pz*)Mo(HC(O)Me)(CO),-
(PMes); 7 (eq 4), which has been shown by X-ray studies

H
O=C
\< Na, \ / ,co PMes
————-
toluene
45 °C, 2h
PMes
1
H
.
ON\«" ~Q—C(H)Me
e
gplp.,. "\\\co
Oy T
PMe3
7

(to be reported separately) to contain an #1-HoB(pz*).
fragment. Further studies directed toward clarifying
some of the synthetic and mechanistic aspects of this
unusual transformation that are, at present, incom-
pletely understood are in progress.
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Rhodium-Mediated Stoichiometric P=C Bond Cleavage
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Summary: Reaction of Rh(PCy3)Cl (4a, Cy = cyclo-
CeH11) with the phosphacumulenes Mes*P=C=X (X =
O (1), X = NPh (2); Mes* = 2,4,6-(t-Bu)3sCe¢Hy) results
in P=C bond cleavage to form [2,4-(t-Bu)2CeH(6-CMey-
CHyPH)] (5§) and trans-Rh(PCy3):Cl(CX) (6,X=0; 7, X
= NPHh), respectively. In contrast, 4a and related Rh(I)
PPhs complexes are catalyst precursors for the rear-
rangement of Mes*P=C=CPh; (3) to its isomer [2,4-(t-
Bu)oCsHo(6-CMe;CHoPCH=CPhy)] (8); the intermediate
[Rh(PCy3)[n(P,C)-Mes*P=C=CPhyJCl], (9a), which is
itself an active catalyst for the isomerization, was
isolated and characterized spectroscopically.

We report that the reactions of the phosphacumu-
lenes! Mes*P=C=X (X = O (1), X = NPh (2), X = CPh;y
(3); Mes* = 2,4,6-(¢-Bu)3sCgHz) with Rh(I) phosphine
complexes result in stoichiometric P=C bond cleavage
in 1 and 2 and catalytic isomerization of 8 with partial
cleavage of the P=C double bond.

Reaction of 1 with Rh(PCys;),C12 (4a; Cy = cyclo-
CgHj1) in THF at ambient temperature rapidly gives the
known compounds [2,4-(2-Bu)sCcH2(6-CMe2CHPH)? (5)
and trans-Rh(PCy3)2Cl(CO)? (6), while 2 and 4a afford
5 and trans-Rh(PCy3)sCI(CNPh) (7) (Scheme 1).¢ The
presence of an isocyanide ligand in 7 is consistent with
the IR spectrum (vexy = 1991 em~! with a shoulder at
2050 cm~!) and the 13C NMR spectrum (6 166.5, dt,
1Jgnc = 72 Hz, 2Jpc = 17 Hz, CNPh); the latter confirms
the trans geometry.5 These results suggest that Rh-
induced extrusion of CX (X = O, NPh) from the phos-
phacumulenes generates the reactive intermediate

® Abstract published in Advance ACS Abstracts, December 15, 1994.

(1) For a review of phosphacumulene coordination chemistry, see:
Nixon, J. F. Chem. Rev. 1988, 88, 1327—1362.

(2) (@) van Gaal, H. L. M.; Moers, F. G.; Steggerda, J. J. J.
Organomet. Chem. 1974, 65, C43—C45. (b) van Gaal, H. L. M,; van
den Bekerom, F. L. A. J. Organomet. Chem. 1977, 134, 237—-248.

(3) Cowley, A. H.; Pakulski, M. Tetrahedron Lett. 1984, 25, 2125—
2126.

(4) trans-Rh(PCy;);CI(CNPh) (7). To a suspension of 4a (184 mg,
0.26 mmol) in THF (1 mL) was added 2 (100 mg, 0.26 mmol) dissolved
in THF (2 mL). The mixture was stirred at room temperature and
became a clear orange solution after a few minutes. The solvent was
then removed under reduced pressure. The residual yellow solid was
washed with cold petroleum ether, filtered on a frit, and dried under
vacuum to give 154 mg of 7 (73% yield). An analytical sample was
recrystallized from petroleum ether at —25 °C. The petroleum ether
filtrate contained phosphaindan 5, identified by comparison of its NMR
spectra to the literature values. In a separate experiment on a smaller
scale (28 mg (0.04 mmol) of 4a), concentration of the petroleum ether
filtrate and cooling to —25 °C gave 7 mg of § (64% yield). For 7: 'H
NMR (CD;Cl) é 7.33—7.28 (m, 2H), 7.24—7.19 (m, 1H), 7.12—7.09 (m,
2H), 2.37—-2.29 (broad m, 6H), 2.05~2.01 (broad m, 12H), 1.79-1.65
(broad m, 30H), 1.30—1.11 (m, 18H); 13C{1H} NMR (CD.Cl,) é 166.5
(dt, YJruc = 72, 2Jpc = 17 Hz, quat CN), 132.7 (quat Ph), 129.7 (Ph),
126.1 (Ph), 124.8 (Ph), 34.0 (dd, 2Jgnc = ¥Jpc = 9 Hz, P-C—H), 30.6
(CHy), 28.3 (dd, 3Jrnc = 2Jpc = 5 Hz, CHy), 27.2 (CHy); 3'P{'H} NMR
(CD:Cl) 6 38.5 (d, *Jrrp = 125 Hz); IR (KBr) 2915, 2847, 2652, 2050
(shoulder), 1991, 1590, 1490, 1445, 1264, 1173, 1004, 900, 847, 752,
736 cm~l. Anal. Caled for C4iHyCINPoRh: C, 64.36; H, 8.94.
Found: C, 64.36; H, 8.97.

(5) Jones, W. D.; Hessell, E. T. Organometallics 1990, 9, 718—727.
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Mes*P, which is known to undergo intramolecular
cyclization, forming 5.5 Related P=C bond cleavage has
been observed in 1 on reaction with Fe and W com-
plexes.”

In contrast, 4a is a catalyst precursor for the isomer-
ization of 3 to the phosphaindan derivative [2,4~(¢-
Bu)2C¢H2(6-CMeoCH,PCH=CPhy)] (8), which is appar-
ently produced by C—H activation of a tert-butyl methyl
group with formation of a C—P bond and migration of
the hydrogen to the central carbon of the phosphaal-
lene.? The complexes Rh(PPh3)3Cl and [(PPhg)sRhCl]s
(4b,e)® also act as catalyst precursors for this rear-
rangement, which proceeds in benzene or THF at
ambient temperature and proceeds more quickly on
heating (Scheme 2). Control experiments show that 3
is stable under the reaction conditions in the absence
of the Rh complexes and that neither PPhs nor PCys;
induces the isomerization.

Reaction of 500 mg of the phosphaallene 3 with 5 mg
of 4¢ (146 equiv/Rh) in THF at 50 °C for 7 days affords
the rearranged product 8 quantitatively, according to
3P NMR. White crystals of 8 are obtained in 78% yield

(8) (a) Yoshifuji, M.; Sato, T.; Inamoto, N. Chem. Lett. 1988, 1735—
1738. (b) Cowley, A. H.; Gabbai, F.; Schluter, R.; Atwood, D. J. Am.
Chem. Soc. 1992, 114, 3142—3144.

(7) (a) Cowley, A. H,; Pellerin, B.; Atwood, J. L.; Bott, S. G. J. Am.
Chem. Soc. 1990, 112, 6734—6735. They also briefly describe a related
CNPh extrusion from 2. (b) Champion, D. H.; Cowley, A. H. Polyhe-
dron 1985, 4, 1791-1792.

(8) Related ring closures in organic Mes*—phosphorus compounds
have been reported previously: (a) Bacereido, A.; Bertrand, G.;
Mazerolles, P.; Majoral, J.-P. J. Chem. Soc., Chem. Commun. 1981,
1197-1198. (b) Yoshifuji, M.; Shima, I.; Ando, K.; Inamoto, N.
Tetrahedron Lett. 1988, 24, 933—936. Related metal-induced rear-
rangements have been observed by Nixon and co-workers in the
diphosphaallene Mes*P=C=PMes* on heating with iron or tungsten
carbonyls, but in these cases the phosphorus-containing product is
formed stoichiometrically and remains complexed to the metal: (c)
Akpan, C. A,; Hitchcock, P. B.; Nixon, J. F.; Yoshifuji, M.; Niitsu, T;
Inamoto, N. J. Organomet. Chem. 1988, 338, C35—C37. (d) Akpan,
C. A. D. Phil. Thesis, University of Sussex, 1986.

(9) Osborn, J. A.; Jardine, F. H.; Young, J. F.; Wilkinson, G. J. Chem.
Soc. 1966, 1711-1732,

© 1995 American Chemical Society
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Scheme 2
t-Bu t-Bu
[RhL,Cl], (4)
t-Bu t-Bu t-Bu ::9
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f aL=PCyn=2,x=1 ¢/
bL=PPhyn=3x=1 I
1 cL=PPhyn=2x=2 CPhy
CPh,
Scheme 3
PhyCy
C
Mes*PCCPh
RAL,CIx(8) ——— " 2 x2  Mes® P\ / h/
-yt / \ \PMes
al=PCy;, n=2,x=1,y=1 C
bL=PPhs,n=3,x=1y=2 9a-b \\Cph
CcL=PPhgn=2x=2y=2 2

after recrystallization from petroleum ether.1® Elemen-
tal analysis and EI-MS show that 8 is an isomer of 3,
and its structure was determined spectroscopically. In
the 'H NMR spectrum (C¢Dg), for example, there are
four sets of peaks due to methyl protons in a 9:9:3:3
ratio. The vinylic proton resonates at 6.86 ppm and
does not show coupling to phosphorus, while signals for
the methylene protons are a complex multiplet at 1.94—
1.79 ppm (ABX spin system; 2Juy = 14.4 Hz; 2Jyp = 1
Hz, 2Jyp = 21 Hz).11 The CH; carbon signal appears
at 42.0 ppm (d, 1JJpc = 8.3 Hz) and the vinylic carbon at
1385.3 ppm (d, WJpc = 27.5 Hz).

When the reactions of 3 with PPhg complexes 4b,c in
THF are monitored by 3P NMR spectroscopy, the
intermediate 9b (6 52.4 (dd, 2Jpp = 10 Hz; 1Jgpp = 220
Hz, PPhs), —59.3 (broad dd, 2Jpp = 10 Hz; 1Jrup = 37
Hz, Mes*P=C=CPhsy); Scheme 3) is observed, along with
3, product 8, both 4b and 4¢, and PPhs. In both cases,
once the supply of 3 is exhausted, the peaks due to the
intermediate disappear. They reappear when more
phosphaallene is added. In an analogous experiment,

(10) [2,4-(¢-Bu)2CgH2(6-CMe;CH,PCH=CPh,)] (8). An ampule
was charged with 4¢ (5 mg, 7.5 x 1072 mmol), 3 (500 mg, 1.1 mmol),
and 10 mL of THF, sealed under nitrogen, and heated in an oil bath
at 50 °C. The extent of reaction was monitored by 3'P NMR of aliquots
of the orange solution; after 7 days the solvent was removed in vacuo
and the residue was recrystallized at —25 °C from petroleum ether to
give 392 mg (78%) of 8, in three crops. An analytical sample was
recrystallized from petroleum ether. For 8: mp 155 °C; tH NMR (CgDg)
4 7.57-7.55 (m, 1H), 7.44-7.42 (m, 2H), 7.24-7.19 (m, 3H), 7.13—
7.05 (m, 3H), 6.94—6.91 (m, 3H), 6.86 (1H, CH=CPh;), 1.94-1.79 (m,
2H, CHy, 2Jyy = 14.4, 2Jpy = 1, 2Jpy = 21 Hz), 1.60 (9H), 1.40 (3H),
1.31 (9H), 1.17 (3H); 13C{1H} NMR (CD:Cl;) é 159.5 (d, J = 2.3 Hz,

quat), 163.1(d, J = 14.3 Hz, quat), 152.8 (quat), 150.4 (d, J = 19.2 Hz,
quat), 143.2 (d, J = 4.9 Hz, quat), 141.2, 141.1,135.7 (d, J = 13.8 Hz,
quat), 135.3 (d, J = 27.5 Hz, P~CH), 130.7 (d, J = 3.8 Hz), 128.8, 128.6,
1281 (d, J = 2.7 Hz), 127.8,122.4 (d, J = 4.9 Hz), 119.0 (d, J = 1.1

Hz), 473(d J = 6.0 Hz, quat) 42.0 (d, J = 8.3 Hz, P-CHy), 37.7 (d,
J = 1.7 Hz, quat), 35.5 (quat), 32.8 (overlaps with next peak), 32.6 (d,
J=9.4Hz),32.3(d,J = 5.0 Hz), 31.8; 3'P{1H} NMR (CD,Cl,) 6 —22.2;
31P NMR (CgDsg) 6 —20.5 (broad d, “J” = ca. 20 Hz); IR (KBr) 3052,
2956, 1591, 1554, 1540, 1491, 1442, 1394, 1380, 1360, 1331, 1244, 1225,
1203, 1164, 1144, 1129, 1072, 1030, 986, 952, 930, 902, 880, 852, 841,
810, 786, 770, 749, 713, 702, 656, 643, 621, 607, 559, 514, 483, 458,
428 cm~%; EI-MS m/z 454 (M™), 261 (MH — Me — CyPhy)*), 57 (¢-Bu).
Anal. Calcd for CsoHgoP: C, 84.53; H, 8.66. Found: C, 84.57; H, 8.76.
Catalysis by 4c is unaffected by the presence of metallic Hg, suggesting
that the reaction is homogeneous and is not catalyzed by Rh metal;
see: Whitesides, G. M.; Hackett, M.; Brainard, R. L.; Lavalleye, J.-P.
P. M.; Sowinski, A. F.; Izumi, A. N.; Moore, S. S.; Brown, D. W.; Staudt,
E. M. Organometallics 1985, 4, 1819—1830.

(11) The large difference in the two 2Jpy couplings has precedent
in the results for 8, for which we find 2Jpg = 15.3 and 1.8 Hz,
respectively. See also: Bentrude, W. G.; Setzer, W. N. In Phosphorus-
31 NMR Spectroscopy in Stereochemical Analysis; Verkade, J. G., Quin,
L. D., Eds.; VCH: Deerfield Beach, FL, 1987; pp 365—389.
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4a is not seen, but PCys, 3, and 8 are observed, along
with the similar, longer lived intermediate 9a, which
can be isolated directly from the reaction mixture.
Alternatively, it can be prepared independently in 73%
yield from the reaction of Rh(PCy3)2Cl (prepared in situ
from [Rh(COE)Cl]; in petroleum ether or ether) with
3; this yields 9a as an air-stable red-orange precipitate
(Scheme 3).12

Elemental analysis and integration of the 'H NMR
spectrum show that 9a has the formula Rh(PCys)-
(Mes*P=C=CPhy)Cl, while the 1H and 3C NMR spectra
show that the Mes* group remains intact. The 31P{'H}
NMR spectrum (THF-dg) is similar to that observed for
9b (6 62.1 (dd, 2Jpp = 2 Hz, YJgyp = 194 Hz, PCy3), —38.8
(dd, 2Jpp =2 HZ, lJth = 37 HZ, MeS*P=C=CPh2)).13
The central carbon of the phosphaallene ligand reso-
nates at 6 179.6 (dd, YJruc = 27 Hz, 1Jpc = 99 Hz).1¢ An
IR absorption at 1586 cm~1 (KBr) may be assigned to
an uncomplexed C=C bond.!?> These observations are
consistent with s(P,C)-coordination of the phosphaallene
ligand in 9a,b. Because of the low solubility of 9a in
most organic solvents, we assume it exists in the solid
state as a chloride-bridged dimer (Scheme 3).1® Com-

(12) COE = cyclooctene: van der Ent, A.; Onderdelinden, A. L.
Inorg. Synth. 1978, 14, 92—95. To a slurry of [(COE);RhCl]; (41 mg,
0.057 mmol) in ether (4 mL) was added a solution of PCy; (64 mg,
0.23 mmol) in 3 mL of ether. A red solution formed; it was filtered
after ~3 min. A solution of 8 (52 mg, 0.11 mmol) in 2 mL of ether was
added to the filtrate. After 3 h red crystals formed,; the mixture was
cooled overnight at —25 °C to induce further crystallization. The
yellow-orange supernatant was decanted, and the red crystals were
washed with 4 x 2 mL of cold ether to give, after drying in vacuo, 73
mg (73%) of red crystals. This synthetic method avoids the use of
sparingly soluble isolated 4a and allows precipitation of pure 9a under
mild conditions. For 9a: 'H NMR (CD;Cl,) 6 8.23 (d, J = 7.5 Hz, 2H),
7.40—7.26 (m, 3H), 7.00 (2H), 6.93~6.88 (m, 3H), 6.74—6.71 (m, 2H),
2.18~1.50 (broad m, 22H), 1.40 (broad, 18H), 1.25—1.10 (broad m, 11H),
1.14 (9H); 13C{*H} NMR (CD:Cl,) 6 179.6 (dd, Jruc = 27 Hz, WJpc =
99 Hz, quat, P=C), 155.4 (quat, broad), 149.9 (quat), 142.0 (quat), 141.7
(quat, broad), 141.4 (quat), 132.7 (d, J = 102 Hz, quat), 130.2, 128.7,
128.2 (d, J = 3.8 Hz), 127.7, 127 .4, 126.4, 122.9, 37.5 (quat), 35.5 (dd,
2Jgnc = 5.5 Hz, YWJpc = 25 Hz, P—~C—H), 34.9 (quat), 32.1 (broad, CHj),
31.9 (broad, CHy), 31.4 (CHj), 29.9 (CHy), 28.4 (CH,), 28.2 (CHy), 26.9
(CHy); 3P{'H} NMR (THF-ds) 6 62.1 (dd, Jgne = 194 Hz, 2Jpp = 2
Hz), —38.8 (dd, Jrwp = 37 Hz, 2Jpp = 2 Hz); IR (KBr) 3054, 2924,
2849, 2644, 1586, 1490, 1441, 1389, 1361, 1249, 1198, 1175, 1122, 1074,
1030, 1004, 924, 899, 880, 851, 768, 748, 735, 700, 690, 648, 556, 518,
493, 451, 424 c¢cm~!. The analytical sample cocrystallized with
dichloromethane and ether, which was quantitatively confirmed by
integration of the H NMR spectrum. Anal. Caled for
050H7201P2Rh'0.35CH2012'0.204H100: C, 66.91; H, 8.22. Found: C,
66.53; H, 8.42.

(13) (a) For comparison, in LoPt[#%(P,C)-Mes*P=C=CPh,] (L; =
(PPh3)z, PhoPCH;CHyPPhy, (PEts)), the 195Pt—31P coupling constants
for the Mes*(P) nucleus are 192, 234, and 268 Hz, respectively.8d (b)
From the magnetogyric ratios of 195Pt and 1%°Rh, the magnitude of
195pt~X coupling is expected to be about 7 times that of 1Rh—~X (Kidd,
R. G.; Goodfellow, R. J.; In NMR and the Periodic Table; Harris, R.
K., Mann, B. E., Eds.; Academic: New York, 1978; p 249.)

(14) For comparison, we prepared (PhoPCHyCHoPPh)Pt[n2(P,C)-
Meg*P=C=CPhy] as in ref 8d and obtained its 13C NMR spectrum in
CDCl;. The central P=C=C carbon signal appears at 6 171.6 (ddd,
1Jp=c = 118 Hz, 2Jpc = 70 Hz, 2Jpc = 6 Hz; Pt satellites were too low
in intensity to be observed).

(15) Related absorptions at 1590, 1600, and 1590 cm™! are observed
in the Pt—phosphaallene complexes of ref 8d.

(16) Two spectroscopic observations suggest that 9a contains an
agostic interaction between Rh and C—H bonds of the PCy; ligand (for
related complexes, see: Wasserman, H. J.; Kubas, G. J.; Ryan, R. R.
J.Am. Chem. Soc. 1988, 108, 2294—2301). The IR spectrum includes
an absorption at 2644 cm~!, and the 3C NMR spectrum shows signals
due to six different cyclohexyl carbons. In contrast, peaks due to four
Cy carbons are observed for 6 and 7. Interaction of Rh with a C—H
bond on one PCy; cyclohexyl group in 9a could make the six carbons
inequivalent. Rapid exchange (on the NMR time scale) between such
a bond and the other two cyclohexyl groups by a 3-fold rotation could
make the three cyclohexyl groups equivalent. Unfortunately, we have
not yet been able to obtain crystals suitable for X-ray analysis to check
this assignment or to investigate related interactions in 6 and 7, which
show IR peaks at 2654 and 2652 cm™1, respectively.
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plex 9a is readily soluble in CH3Cl; but decomposes at
ambient temperature in this solvent, preventing mo-
lecular weight measurements. Isolated 9a is stable in
solution in the presence of 8 and catalyzes its isomer-
ization to 8. This reaction also proceeds smoothly in
the presence of 1 equiv of PCys.

The isolation of 9a suggests that cumulenes 1 and 2
also initially bind to Rh with displacement of PCys; to
form the intermediates Rh(PCy;)[5%(P,C)-Mes*P=C=X]-
Cl (X = O, NPh), which are not observed under the
reaction conditions. Mechanistic investigations of the
role of such species in the P=C cleavage and isomer-
ization reactions are in progress as part of a broader
study of phosphacumulene coordination chemistry.
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(Cyclopentadienylalkyl)phosphine Derivatives of
Gallium(III) and Indium(I1I)
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The bis(tert-butyl)phosphinoethylcyclopentadienide complexes [¢-Buy,PCHoCHCsHyIMX,
withM=Ga,X=Cl3);M=In,X=Cl4); M =Ga, X =Me (5); and M = In, X = Me (6)
have been prepared by the reaction of the phosphinoethylcyclopentadienide lithium salt with
the appropriate group 13 chloride. Compounds 5 and 6 were also prepared by the methane
elimination reactions of the phosphinoethylcyclopentadiene with MMes;. Each compound
has been characterized by elemental analysis, 1H, 13C, and 3P NMR, and mass spectroscopy.
The structures of 4 and 5§ were determined by X-ray crystallography. Crystal data for 4:
space group P2:2:2;, a = 8.782(2) A, b = 14.039(1) .g, c=15.116(2) A, V = 1863.6(9) A3, Z
= 4, and R = 0.0352. Crystal data for 5: space group P2i/c, a = 12.653(3) A, b = 9.683(2)
A, ¢ =15.313(3) A, 8 = 100.81(3)°, V = 1842.8(9) A3, Z = 4, and R = 0.0562. The X-ray
analyses reveal that for both compounds (i) the MX, fragment is #n' attached to the
cyclopentadienyl ring and (ii) the phosphorus atom is coordinated intramolecularly to the

group 13 center.
Introduction

Cyclopentadienyl and phosphine ligands are ubiqui-
tous in inorganic chemistry. Not surprisingly, therefore,
the possibility of combining the special features of these
ligands in a potentially chelating fashion has begun to
attract attention. A few (cyclopentadienylalkyl)phos-
phines of the general type CsR4«(CHjy),PRo (n = 1, 2) have
now been prepared and employed as ligands.! However,
with the exception of one trimethylstannyl derivative,l2
these interesting heterodifunctional ligands have been
used exclusively in the context of d-block chemistry. We
have therefore become interested in exploring the utility
of these ligand systems for the synthesis of main group
compounds. Given the considerable current interest in
a variety of 13/15 ring, cage, and acyclic compounds as
single-source precursors to compound semiconductors,?
we have chosen to initiate our studies by an investiga-
tion of the ligative behavior of some gallium(IIl) and
indium(III) halides and alkyls.?

® Abstract published in Advance ACS Abstracts, November 1, 1994,

(1) (a) Charrier, C.; Mathey, F. J. Organomet. Chem. 1979, 170, C
41. (b) Kauffmann, T.; Ennen, J.; Lhotak, H.; Rensing, A.; Steinseifer,
F.; Woltermann, A. Angew. Chem., Int. Ed. Engl. 1980, 19, 328. (¢)
Slawin, A. M. Z.; Williams, D. J.; Crosby, J.; Ramsden, J. A.; White,
C. J. Chem. Soc., Dalton Trans. 1988, 2491. (d) Szymoniak, J.;
Besangon, J.; Dormond, A.; Moise, C. J. Org. Chem. 1990, 55, 1429,
(e) Kettenbach, R. T.; Butenschén, H. New J. Chem. 1990, 14, 599. (f
Miguel-Garcia, J. A.; Adams, H.; Bailey, N. A.; Maitlis, P. M. J.
Organomet. Chem. 1991, 413, 427. (g) Butenschon, H.; Kettenbach,
R. T.; Kriiger, C. Angew. Chem., Int. Ed. Engl. 1992, 31, 1066.

(2) For reviews, see: Cowley, A. H.; Jones, R. A, Angew. Chem., Int.
Ed. Engl. 1989, 28, 1208. Wells, R. L. Coord. Chem. Rev. 1992, 112,
273. Cowley, A. H.; Jones, R. A. Polyhedron 1994, 13, 1149.

(3) For interesting work on amine analogues, see: Jutzi, P.; Dahl-
haus, J.; Bangel, M. J. Organomet. Chem. 1998, 460, C13.

0276-7333/95/2314-0020$09.00/0

Results and Discussion

The reagent lithium (2-{di-tert-butylphosphinoethyl}-
cyclopentadienide) (1) was prepared via the reaction of
LiP-z-Buy, with spiro[4.2]hepta-1,3-diene according to the
method of Kauffman et al.!® The corresponding cyclo-
pentadiene 2 was prepared by hydrolysis of 1. The
gallium(IIT) and indium(1II) compounds 3—6 were pre-
pared in excellent yields via the metathetical reactions
of 1 with the appropriate metal chlorides in THF at low
temperature.

X,MCl
Li[(C5H4)CH2CH2P-§'BU2]
(LiCh MX,
! 7
P,
/7 \
1-Bu t-Bu
3: M=Ga; X=Cl
4: M=In; X=Cl

5: M=Ga; X =Me
6: M=1In; X =Me

A second synthetic strategy was employed for the
synthesis of 5 and 6,

MesM 5: M=Ga
[(CsH5)CH,CH,P-t-Buy] ———————> 6 M=In
'CH4 '

namely, the methane elimination reactions between 2
and the relevant gallium or indium trialkyl.

3—5 were obtained as colorless crystals; 4 is a white
powder. Each of the new compounds is slightly air

© 1995 American Chemical Society



(Cyclopentadienylalkyl)phosphine Derivatives of Ga(Il) and In(III)

[8itd]
Figure 1. View of [¢-BusPCH,CH2CsH,JInCl; (4) showing
the atom-labeling scheme. The CHj groups are omitted
for clarity.

Figure 2. View of [¢-BusPCH;CH:C5H,]GaMe; (5) showing
the atom-labeling scheme. The #-Bu CH; groups are
omitted for clarity.

sensitive in the solid state. The methyl derivatives §
and 6 are distinctly more volatile than the chloro
analogues 8 and 4 and sublime readily at 100 °C (1075
Torr).

Satisfactory carbon and hydrogen analyses were
obtained for the indium compounds 4 and 6. However,
despite several attempts, the carbon analyses for the
analogous gallium compounds, 8 and 5, were found to
be 3—-5% too low. This does not appear to be a
consequence of the presence of impurities since both
compounds have sharp melting points. Excellent HRMS
data were obtained for 3—6 (Experimental Section).

The 3P NMR chemical shifts for 3—6 are less shielded
than those of the free ligand 2 by between 5 and 24 ppm,
thus suggesting that the pendent phosphine is coordi-
nated to the group 13 center in each case. It was not
clear from NMR data, however, how the MX; moiety is
attached to the cyclopentadienyl ring because only two
types of ring proton and one type of ring carbon are
detectable at ambient temperature. The question of the
ground state geometries of 4 and 5 was resolved by
X-ray analysis. The molecular structures of 4 and 5 are
shown in Figures 1 and 2, respectively, along with the
relevant atom-numbering schemes. In contrast to, for
example, (C5H;)GaMes,* crystals of 4 and 5 consist of

(4) Mertz, K.; Zettler, F.; Hausen, H. D.; Weidlein, J. J. Organomet.
Chem. 1976, 122, 159.
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Table 1. Selected Bond Distances (&) for
(¢-Bu,PCH,CH;CsH,)InCl, (4) and
(¢-BuPCH,CH,CsH,)GaMe; (6)

Compound 4
In—-P 2.595(2) C(1)—C(2) 1.452(13)
P-C(7) 1.843(9) C(2)—C(3) 1.318(17)
P—-C(8) 1.860(9) C(3)—C(4) 1.416(5)
P-C(12) 1.854(10) C(4)—~C(5) 1.339(15)
In—C(1) 2.202(9) C(5)—C(6) 1.509(12)
In—CK1) 2.383(3)
In—Cl(2) 2.364(3)

Compound §
Ga—-P 2.493(2) C(1)-C(2) 1.437(9)
P-C(7) 1.839(5) C(2)—C@3) 1.324(10)
P—C(8) 1.868(6) C(3)—C4) 1.407(10)
P-C(12) 1.863(7) C(4)—C(5) 1.370(10)
Ga—C(1) 2.103(5) C(H-CO) 1.433(8)
Ga—C(16) 1.964(6)
Ga—C(17) 1.961(7)

Table 2. Selected Bond Angles (deg) for
(+-Bu,PCH,CH,C;sH,)InCl; (4) and
(t-Bu,PCH,CH,CsH,)GaMe; (5)

Compound 4
In—P-C(7) 103.7(3) Cl(1)-In—C1(2) 101.9(1)
In—P—C(8) 112.3(3) P-In—CI(1) 113.0(1)
C(7)—P-C(8) 107.2(4) P-In—Cl(2) 111.2(1)
In-P—-C(12) 111.4(3) P-In—C(1) 104.2(2)
C(7)—-P—C(12) 104.8(5) Cl(H)—In—C(1) 108.2(3)
C(8)—-P-C(12) 116.2(4) Cl2)—In—C(1) 118.6(2)

Compound §
Ga—P-C(7) 104.5(2) C(16)—-Ga—C(17) 114.8(3)
Ga—P—C(8) 115.2(2) P—Ga—C(16) 110.9(2)
C(7)—-P—-C(8) 106.5(3) P—Ga—C(17) 112.7(2)
Ga—P-C(12) 113.8(2) P-Ga—-C(1) 91.3(2)
C(7)—P—-C(12) 103.6(3) C(16)—Ga—C(1) 115.0(3)
C(8)—P—C(12) 111.9(3) C(17)—Ga—C(1) 109.9(2)

isolated molecules with no abnormally short intermo-
lecular contacts. In both compounds, the group 13 MX,
fragment is attached to the cyclopentadienyl ring in an
n! fashion in an o. position with respect to the phosphi-
noethane moiety. The patterns of bond distances (Table
1) and bond angles (Table 2) within the cyclopentadienyl
ring are similar to those of other #l-metalated systems,
specifically, (i) the C(2)—C(3) and C(4)—C(5) bond
distances are shorter than the others, and (i) the
smallest bond angle is C(2)—C(1)—C(5). The Ga—
C(ring) bond distance in 5 (2.103(5) A) is similar to that
reported for (7-CsHs)sGa (average 2.05(2)) A)5 How-
ever, the In—C(ring) bond distance in 4 (2.202(9) A) is
slightly shorter than those reported for the #!-attached
gclopentadienyl rings of (CsHj5)sln (average 2.240(9)

).8

The X-ray crystallographic studies also reveal that the
phosphine arm is coordinated to the MX; center in 4
and 5, thus confirming the 3'P NMR spectroscopic
indications discussed above. Both compounds therefore
possess a bicyclic structure which is formed by fusion
of a cyclopentadienyl and a six-membered MC4P ring.
The conformations of the MC4P rings are twist—boat
and boat in 4 and 5, respectively. The P — Ga dative
bond distance in 5 (2.493(2) A) is comparable to that in
the Lewis acid—base complex MesP — GaMe; (2.52 A).”
As expected, the geometries at phosphorus and the

(5) Beachley, O. T., Jr.; Getman, T. D.; Kirss, R. U,; Hallock, R. B,;
Hunter, W. E.; Atwood, J. L. Organometallics 1985, 4, 751.

(6) Einstein, F. W. B.; Gilbert, M. M.; Tuck, D. G. Inorg. Chem. 1972,
11, 2832,

(7) Golubkinskaya, L. M.; Golubinskii, A, V.; Mastryukov, V. S,;
Vilkov, L. V.; Bregadze, V. L. J. Organomet. Chem. 1976, 117, C4.
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group 13 element are approximately tetrahedral. How-
ever, there are considerable departures from the ideal
angle at both centers for both compounds.

Finally, we return to the question of the implied
fluxionality of 3—6 in solution. Ligand 1 is not fluxional;
hence it is evidently the MX, moiety which shuttles back
and forth between the C(1) and C(4) positions of the
cyclopentadienyl ring in 3—6. Presumably, the P — Ga
or P — In dative bond is broken concomitantly in this
process. Attempts to address this question were not
successful; no spectral changes other than viscosity
broadening were detected upon cooling toluene or THF
solutions of 3—6 to —80 °C.

Experimental Section

General Considerations. All reactions were performed
under oxygen-free argon or under vacuum using standard
Schlenk line or drybox techniques. All solvents were dried
over sodium and distilled from sodium benzophenone under
argon before use. The reagents GaCls, InCls, Me3Ga, Mesln,
and n-BuLi were procured commercially and used without
further purification. The concentration of the n-Buli was
determined by titrimetric analysis prior to use. Spiro[4.2]-
hepta-1,3-diene® and #-Bu,PH? were prepared according to
literature methods.

Physical Measurements. IR spectra were obtained as
KBr pellets on a Bio-Rad FTS-40 spectrometer. Mass spectra,
EI and CI, were run on a Bell and Howell 21-491 instrument,
and NMR spectra were measured on a GE QE-300 spectrom-
eter (*H, 300.17 MHz; 13C, 75.48 MHz; 1P, 121.5 MHz). NMR
spectra are referenced to C¢Ds and THF-ds, both of which were
dried over Na/K alloy and distilled prior to use. All chemical
shifts are reported relative to TMS (0.00 ppm). Melting points
(uncorrected) were obtained in sealed capillaries under argon
(1 atm), and elemental analyses were performed by Atlantic
Microlab, Norcross, GA.

Synthesis of Lithium [2-(Di-fert-butylphosphinoeth-
yheyclopentadienide] (1). A hexane solution of 1.6 M
n-BuLi (62.5 mL, 0.10 mol) was added to a stirred solution of
t-BuyPH (14.62 g, 0.10 mol) in 30 mL of THF at —78 °C. The
stirred reaction mixture was allowed to warm slowly to 0 °C.
A THF solution of 1.13 M spiro[4.2]hepta-1,3-diene (88.5 mL,
0.10 mol) was then added and the solution heated to reflux
for 13 h. The solution was cooled to room temperature and
the solvent removed under reduced pressure. The residue was
then washed with cold hexane (3 x 50 mL) and dried in vacuo
to afford 20.7 g (84.7 mmol, 85% yield) of the light tan powder
1, mp 235-237 °C.

Synthesis of 2-(Di-tert-butylphosphinoethyl)cyclopen-
tadiene (2), A stirred solution of 0.33 g (1.0 mmol) of 1in 10
mL of hexane was hydrolyzed by addition of 10 drops of water.
The solution was dried over MgSQy4 and filtered and the solvent
removed under reduced pressure to yield 0.16 g of brown oil
2, (0.5 mmol, 50% yield). 'H NMR (C¢Ds): 6 1.06 (d, CHs, 18
H), 1.59 (m, CHa, 2 H), 2.63 (m, CH., 2 H), 6.20 (m, ring H, 5
H); 3P NMR (CgD¢): 6 29.2 (8).

Synthesis of Dichloro[1-7!-(2-di-fert-butylphosphino)-
ethylcyclopentadienyllgallium (3). A solution of0.31g (1.2
mmol) of 1 in 20 mL of THF was added at —78 °C to a stirred
solution of GaCl; (0.22 g, 1.2 mmol) in 30 mL of THF. After
3 h at —78 °C, the stirred reaction mixture was allowed to
warm to room temperature. The solvent and volatiles were
removed under reduced pressure. The residue was extracted
with CHCl; (60 mL) and filtered, and the solvent removed
under reduced pressure. The residue was then dissolved in a
minimum amount of THF. A few drops of hexane were added
to aid crystallization. Colorless crystals of 8 (mp 134~135 °C)

(8) Wilcox, C. F.; Craig, R. R. J. Am. Chem. Soc. 1961, 83, 3866.
(9) Hoffmann, H.; Schellenbeck, P. Chem. Ber. 1966, 99, 1134.
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Table 3. Crystal Data, Details of Intensity Measurement,
and Structural Refinement for (#-Bu,PCH,CH,CsH)InCl, (4)
and (¢-Bu,PCH,CH,CsH,)GaMe; (5)

compd 4 5
formula C15H26C12IDP C17ngGaP
fw 423.0 337.1
cryst dimen, mm 0.22 x 0.22 x 0.31 0.31 x 0.53 x 0.60
cryst syst orthorhombic monoclinic
space group P21212; P2y/c
a, 8.782(2) 12.653(3)
b, A 14.039(1) 9.683(2)
¢, A 15.116(2) 15.313(3)
a, deg 90.0 90.0
B, deg 90.0 100.81(3)
y, deg 90.0 90.0
v, A 1863.6(9) 1842.8(9)
Dearc, g cm™3 1.508 1.215
z 4 4
radiation Mo Ka Mo Ka
no. of total refins 2318 3234
no. of obsd reflns 1881 2116
sig test F > 40(F) F > 40(F)
no. of param 174 172
weighting scheme 0.0005 0.0005

g in [(0F)* + gF1™!
final R 0.0352 0.0525
final Rw 0.0395 0.0562

formed upon cooling this solution to —20 °C for 12h. H NMR
(CeDs): 6 0.99 (d, CHs, 18 H), 1.46 (m, CH,, 2 H), 2.52 (m,
CH., 2 H), 5.14 (s, ring H, 2 H), 6.78 (s, ring H, 2 H); 3P NMR
(CeDg): 6 8.3 (s). MS(CI) 379 [M~]. HRMS calcd 377.048 326,
found 377.047 549. Anal. Caled for CisH36CloGaP: C, 47.66;
H, 6.95. Found: C, 44.34; H, 6.61.

Synthesis of Dichloro[1-n'-(2-di-tert-butylphosphino)-
ethylcyclopentadienyllindium (4). A solution of 1.32g(5.4
mmol) of 1 in 20 mL of THF was added at —78 °C to a stirred
solution of InCl; (1.19 g, 5.4 mmol) in 30 mL of THF. After 3
h at —78 °C, the stirred reaction mixture was allowed to warm
to room temperature. The solvent and volatiles were removed
under reduced pressure, and the residue was extracted with
toluene (3 x 60 mL). The mixture was filtered to separate
the product 4 from LiCl and unreacted starting materials. The
solvent was removed under reduced pressure. The resulting
residue was dissolved in 5 mL of CH2Cls. Several drops of
hexane were added to aid crystallization. Colorless crystals
of 4 (mp 194 °C) formed upon cooling this solution to —20 °C
for 12 h (3.8 mmol, 70% yield). 'H NMR (CgD¢): 4 0.88 (d,
CHj, 18 H), 1.34 (m, CHy, 2 H), 2.40 (m, CHg, 2 H), 5.40 (s,
ring H, 2 H), 6.74 (s, ring H, 2 H). 13C NMR (C¢Ds): 6 26.8 (4,
CHs;, %2J(CP) 1.7 Hz), 28.5 (d, CHs, 2J(CP) 3.2 Hz), 29.0 (d, CHy,
LJ(CP) 7.2 Hz), 34.1 (d, ¢-C, WJ(CP) 12.2 Hz), 97.2 (s, ring C);
3P NMR (CgDg) 6 24.0 (s). MS(CI) 457 (M + Cl-]. HRMS
caled 422.019 124, found 422.018 795. Anal. Caled for
CszsClgIhP: C, 42.97; H, 6.19. Found: C, 43.64; H, 6.60.

Synthesis of Dimethyl{(1-5!-(2-di-tert-butylphosphi-
no)ethyleyclopentadienyllgallium (5). Method A. A
solution of 0.24 g (1.0 mmol) of 1 in 20 mL of THF was added
at —78 °C to a stirred solution of Me,GaCl (0.13 g, 1.0 mmol)
in 30 mL of THF. After 3 h at —78 °C, the stirred solution
was allowed to warm to room temperature. The solvent and
volatiles were removed under reduced pressure, and the
resulting residue was extracted with hexane (60 mL), filtered,
and concentrated. Colorless crystals of 5§ (mp 98—99 °C)
formed upon cooling this solution to ~20 °C for 12 h. *H NMR
(CeDg): 6 —0.35 (d, GaCHs, 6 H), 0.94 (d, CHs, 18 H), 1.62 (m,
CH,, 2 H), 2.81 (m, CHy, 2 H), 5.25 (s, ring H, 2 H), 6.55 (s,
ring H, 2 H); 3C{!H} NMR (C¢D¢): 6 —5.5 (d, GaCHj, 2J(CP)
16.7 Hz), 20.1 (d, CHs, 2J(CP) 14.6 Hz), 29.2 (d, CHjs, 2J(CP)
4.7 Hz), 26.3 (d, CH,, 1J(CP) 7.2 Hz), 32.7 (d, ¢t-C, 'J(CP) 74
Hz), 92.4 (s, ring C), 123.7 (s, ring C); 3P NMR (C¢Ds): 6 5.5
(s). MS(CI) 339 [M*]. HRMS caled 336.149 746, found
336.149 160. Anal. Caled for Ci7Hs,GaP: C, 60.55; H, 9.59.
Found: C, 55.52; H, 9.21.



{Cyclopentadienylalkyl)phosphine Derivatives of Ga(Il) and In(IIl)

Table 4. Atomic Coordinates (104) and Equivalent Isotropic
Displacement Coefficients (A2 10°) for 3 and 4

atom xla yib Ze Uleq)
Compound 4
In 8235(1) 9080(1) 2134(1) 38()
P 6821(3) 10379(1) 1231(1) 39(1)
CK(1) 10256(3) 9704(2) 3012(2) 65(1)
Cl(2) 6628(4) 403(2) 322002) 69(1)
C() 9230(11) 8139(6) 1122(6) 52(3)
C(2) 8659(14) 7188(7) 1301(7) 68(4)
(e[)] 7550(15) 6993(7) 741(8) 94)
C4) 7347(13) 774(7) 160(7) 67(4)
C(5) 8353(14) 8461(6) 351(5) 56(3)
C(6) 8590(14) 9425(6) -71(6) 64(4)
c(M 7197(13) 10047(7) 72(5) 04)
C® 7644(11) 11586(6) 1407(7) 50(3)
(&) 9344(11) 11516(7) 1163(7) 68(4)
C(10) 7566(11) 11861(6) 2389(6) 65(4)
c(11 6908(12) 12357(6) 849(7) 69(4)
C(12) 4728(10) 10275(7) 1357(7) 60(4)
c(13) 3850(12) 10847(9) 669(8) 99(5)
C(14) 4317(11) 9225(7) 1266(7) 73(4)
C(15) 4245(10) 10616(7) 2283(6) 66(4)
Compound §
Ga 2290(1) 1284(1) 874(1) S1(1)
P 2538(1) —471(2) 2086(1) 46(1)
C(1) 3710(4) 2310(5) 1465(4) 54(2)
C(2) 3817(5) 3283(6) 778(4) 67(2)
C(3) 4550(6) 2842(8) 30(4) 76(3)
C4) 976(5) 1593(7) 714(5) 73(3)
C(5) 4512(4) 1277(6) 1428(4) 58(2)
C(6) 4763(5) 32(7) 2012(5) 76(3)
(o)) 3969(4) —340(6) 603(4) 64(2)
C(® 303(5) —2299(6) 1710(4) 58(2)
(o)) 1237¢5) —2364(7) 1051(4) 79(3)
C(1» 2305(5) —3360(6) 2455(4) 77(3)
c(11 3201(5) —2663(6) 1213(5) 79(3)
C(12) 1825(5) —44(7) 3011(4) 68(3)
C(13) 2252(7) —828(8) 3884(4) 106(4)
C(14) 1990(6) 1497(7) 3207(5) 97(3)
C(15) 632(5) —313(8) 2722(5) 97(4)
C(16) 2335(5) 418(6) —278(3) 63(2)
c(17) 1043(5) 2483(7) 884(4) 83(3)

Method B. A solution of 0.34 g (1.4 mmol) of 2 in 20 mL of
toluene was added to a stirred solution of Me;Ga (0.23 g, 1.4
mmol) in 20 mL of toluene. The stirred solution was refluxed
for 24 h. The solvent and volatiles were removed under
reduced pressure to yield 5 as a white powder. The product
was identified by 3P NMR spectroscopy.

Synthesis of Dimethyl[1-51-(2-di-tert-butylphosphino)-
ethylcyclopentadienyllindium (6). Method A. A solution
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of 0.24 g (1.0 mmol) of 1 in 20 mL of THF was added at —78
°C to a stirred solution of MegInCl (0.18 g, 1.0 mmol) in 30
mL of THF. After 3 h at —78 °C, the stirred solution was
allowed to warm to room temperature. The solvent and
volatiles were removed under reduced pressure, and the
resulting residue was extracted with hexane (100 mL), filtered,
and concentrated to 20 mL. Cooling the solution overnight at
—~20 °C resulted in a white, powdery 6 (mp 97-99 °C). 'H
NMR (Ce¢Dg): 6 —0.11 (d, InCH3;, 6 H), 0.81 (d, CHs, 18 H),
1.56 (m, CH, 2 H), 2.82 (m, CHy, 2 H), 5.74 (s, ring H, 2 H),
6.79 (s, ring H, 2 H); ¥3C{*H} NMR (C¢Ds¢): 6 1.4 (d, InCHj3,
2J(CP) 15.8 Hz), 21.5 (d, CHg, WJ(CP) 15.2 Hz), 27.0 (d, CHs,
2J(CP) 7.8 Hz), 29.2 (d, CH;, 2J(CP) 4.6 Hz), 33.1 (4, ¢-C, 1J(CP)
14.2 Hz), 96.1 (s, ring C), 118.4 (s, ring C). 3'P NMR (C¢De):
6 10.5 (s). MS (CI) 383 [M*]. HRMS calcd 383.135 865, found
383.134 827. Anal. Caled for Ci7HsInP: C, 53.42; H, 8.44.
Found: C, 52.68; H, 7.92.

Method B. A solution of 0.34 g (1.4 mmol) of 2 in 20 mL of
toluene was added to a stirred solution of MesIn (0.23 g, 1.4
mmol) in 20 mL of toluene. The stirred solution was refluxed
for 24 h. The solvent and volatiles were removed under
reduced pressure to yield white powdery 6. The product was
identified by 3P NMR spectroscopy.

X-ray Crystallography. Details of the crystal data and a
summary of intensity data collection parameters for 4 and 5
are presented in Table 3. Atomic coordinates and equivalent
isotropic thermal parameters for 4 and 5 are listed in Table
4. The crystals were mounted in thin-walled glass capillaries
and sealed under argon. Both data sets were collected at 25
°C on an Enraf-Nonius CAD-4 diffractometer. The unit cell
parameters were obtained by centering 25 reflections having
20 values between 16 and 24°. For both structures, the data
were corrected for Lorentz and polarization effects. The
structures were solved by direct methods and successive cycles
of difference maps followed by least-squares refinements. All
calculations were performed using the Siemens SHELXTL
PLUS (PC version) programs.
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A number of phosphine monosubstitution products of the u-7?-methylidyne tetrairon cluster
complex [HFe (u-n2-CH)(CO);12] (1) have been prepared from 1 and 1 equiv of tertiary
phosphine PR3. In the products [HFes(u-#?-CH)}CO)11PR;] 2a (R = Ph), 2b (R3 = PhyMe),
2¢ (R; = PhMey), and 2d (R = Me), the two hydrogen atoms assume C—H—Fe and Fe—H-
Fe bridging positions, as in 1. From 1 and PCy3 (Cy = cyclo-CgH;1) only the salt-like [HPCys;]-
[HFe,C(CO),2] was obtained in quantitative yield. The molecular and crystal structure of
the phosphine derivative 2a has been determined by single-crystal X-ray diffraction: 2a is
monoclinic; space group P2:/n; a = 13.136(6), b = 15.084(7), and ¢ = 16.265(4) A, B =100.95-
(8)°; V = 3164(2) A3, F(000) = 1616; wR2 = 0.18 [on F?, all data, 5537 unique reflections];
R, = 0.0546 [on F, 2694 reflections with with I < o(J)]. The molecular structure of 2a is
similar to that of the parent molecule 1 showing a Fe4 butterfly cluster core with a #>-CH
group between the wings and an equatorial PPhs ligand bound to a wingtip iron atom. The
H(hydride) ligand spans the Fe, butterfly hinge. The intermolecular networks of hydrogen
bonding interactions established by the u-72-methylidyne hydrogen atom and by the bridging
hydride with the CO ligands in 2a and 1 have also been investigated. The variable
temperature 13C NMR spectra of isotopically enriched 2a reveal several dynamic processes,
which can be explained by intrametal site CO exchange. A slow dynamic process, detectable
by *H NMR spectroscopy in the T regime, interconverts hydridic and agostic hydrogen sites
in the cluster complexes 2. Extended Hiickel and Fenske—Hall MO calculations have been
performed on 1 and the model complex [HFe (u-72-CH)(CO),;PH;] (2e) as well as on the
corresponding deprotonated species [1-H]™ and [2e-H]~. The structure of 2 can be rationalized
using charge and frontier MO arguments. Fast intramolecular switches of the u-CH hydrogen
between the two wing tips of the iron butterfly framework are predicted by the calculations.

Introduction

Interactions of carbon—hydrogen groups with transi-
tion metal centers (some time ago named “agostic”
hydrogens!) are of great scientific interest since they
may resemble intermediate points in an important
hydrocarbon reaction: carbon—hydrogen bond breaking
on surfaces or in molecular organometallic compounds.?
Agostic hydrogens have been observed in a variety of
different mononuclear complexes as well as in molecular
clusters.! Surface C—H—M multicenter bonded species
have been proposed? as key intermediates in the dihy-

drogen reduction of carbide-like carbon atoms in het-
erogeneous Fischer—Tropsch reactions.

A reasonable model* of such an intermediate is the
molecular #2-methylidyne cluster complex [HFe(u-n2-
CH)CO)2] (1).56 Within our efforts to seek compari-
sons of the hydrocarbon coordination chemistry on metal
surfaces and molecular metal clusters,”® we were
interested in the effect of minor changes of the electronic
and steric structure of the parent cluster backbone on
the 3¢-2e C—H—Fe bond present in 1. Transition metal
carbonyl cluster complexes are generally prone to CO
substitution, and this behavior offered a convenient
approach to our objective. Thus, we have prepared and

 This work was started in 1983 in the laboratory of Earl Muetterties
at the University of California, Berkeley, CA. Prof. Muetterties’s
untimely death on January 12th, 1984, put a sudden end to his
research projects. We have decided to take up these investigations
again and are presenting them in commemoration of Prof. Muetterties’s
death ten years ago.

¥ Dedicated to the memory of Earl L. Muetterties. Deceased
January 12, 1984.

® Abstract published in Advance ACS Abstracts, November 1, 1994.

(1) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1982, 250,
395.

(2) Muetterties, E. L. Pure Appl. Chem. 1982, 54, 3.

(8) Muetterties, E. L.; Stein, J. Chem. Rev. 1979, 790, 479.

0276-7333/95/2314-0024$09.00/0

(4) Gavin, R. M., Jr.; Reutt, J.; Muetterties, E. L. Proc. Natl. Acad.
Sci. US.A. 1981, 78, 3981.

(5) (a) Tachikawa, M.; Muetterties, E. L. J. Am. Chem. Soc. 1980,
102, 4541. (b) Beno, M. A.; Williams, J. M.; Tachikawa, M.; Muetter-
ties, E. L. Ibid. 1980, 102, 4542, (c) Beno, M. A.; Williams, J. M,;
Tachikawa, M.; Muetterties, E. L. Ibid. 1981, 103, 1485,

(6) (a) Holt, E. M.; Whitmire, K. H.; Shriver, D. F. J. Organomet.
Chem. 1981, 213, 125. (b) Davis, J. H.; Beno, M. A.; Williams, J. M.;
Zimmie, J.; Tachikawa, M. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 668.

(7) Muetterties, E. L.; Rhodin, T. N.; Band, E.; Brucker, C. F,;
Pretzer, W. R. Chem. Rev. 1979, 79, 91.

(8) (a) Wadepohl, H. Angew. Chem. 1992, 104, 253. (b) Wadepohl,
H. Comments Inorg. Chem. 1994, 15, 369.

© 1995 American Chemical Society



Phosphine Derivatives of [HFe (u-n?-CH)(CO) ;5]

Organometallics, Vol. 14, No. 1, 1995 25

Scheme 1

\ AN

Fe —C———

Fe

-
& \%
.
R /4
d ,
H ™
4

((u-H)Feq(u-n2-CH)(CO)4z]
1

fully characterized a variety of phosphine monosubsti-
tuted derivatives of 1.

We have also undertaken the single-crystal X-ray
diffraction characterization of the triphenylphosphine
derivative 2a. Beside discussing in detail the structural
features of this complex in comparison with that of the
parent cluster 1, we have carefully investigated the
molecular organization in the soild state. This part of
the study integrates with our more general interest in
the intermolecular forces acting amongst molecules and
in the relationship between molecular and crystal
structure in organometallic materials.?

Results and Discussion

Substitution Reactions. Compound 1 slowly un-
derwent reaction with 1 equiv of tertiary phosphine at
room temperature to form the monosubstituted deriva-
tives 2a (L. = PPhgy), 2b (L = PPhgMe), 2¢ (L, = PPhMey),
and 2d (L = PMes) (Scheme 1). Compounds 2a—d are
dark brown or black crystalline solids which are only
moderately air sensitive and can even be handled in air
for short periods of time. When the reaction of 1 with
trimethylphosphine in a mixture of pentane and tet-
rahydrofurane (THF) was carried out at —70 °C, the
formation of a deep red solution was observed. On
warming, its color changed to brown and the substituted
cluster complex 2d could be isolated. Since 1 is known510
to be a strong acid, we suspected deprotonation by the
basic phosphine. 'H NMR analysis of such a red
solution at low temperature indeed suggested the
transient presence of the [HPMe;s]t and [HFe,C(CO)12]™
ions. Likewise the deep red salt [HPCy;]T[HFesC(CO)sl™
was isolated in quantitative yield when 1 was treated
with the highly basic and bulky!! tricyclohexylphos-
phine PCy;. [HPCysltT[HFesC(CO)12]- was stable as a
solid and in solution up to ca. 50 °C. Higher tempera-
tures resulted in complete decomposition. No further
reaction took place when [HPCy31T[HFesC(CO);2]~ was
treated with excess PCysa.

The phosphine substituted cluster complexes 2a—d
are strong acids. As judged from the infrared and 'H

(9) Braga, D.; Grepioni, F. Acc. Chem. Res. 1994, 27, 51.

(10) Bradley, J. S. Phil. Trans. R. Soc. London 1982, A308, 103.

(11) pK, values for [HPMe3]* and [HPCy;]* are given as 8.65 and
9.7, respectively (Allman, T.; Goel, R. G. Can. J. Chem. 1982, 60, 716.
Henderson, W. A,, Jr.; Streuli, C. A. J. Am. Chem. Soc. 1960, 82, 5791).
Cone angles are 118° for PMe; and 170° for PCy; (Tolman, C. A, Chem.
Rev. 1977, 77, 313).

Fe
/ \ + PR3 /
-CO

((u-H)Feq(p-n2-CH)(CO) 1 (PR;s)]
20, R=Ph
2b, R3=PhyMe
2¢, R3= PhMe,
2d, R=Me

NMR spectra, the dominant species in ethanol or even
THF solutions are the monoanions [HFe,C(CO)11(PR3)]~.
With stronger bases like triethylamine (pK, = 18.5),
morpholine (pK, = 16.6), and pyridine (pK, = 12.3)12in
acetonitrile, complete deprotonation to give the dianions
[Fe4sC(CO)11(PR3)1?~ takes place. Reprotonation is ef-
fected with HCI etherate.

Molecular Structure of [HFe(u-n2-CH)(CO);;-
(PPhg)] (2a). A ball-and-stick and space-filling repre-
sentation of the molecular structure of 2a is shown in
Figure 1. Relevant structural parameters are reported
in Table 1 and fractional atomic coordinates in Table 2.
The essential structural features of 2a correspond to
those observed in the parent complex [HFe(u-n2-CH)-
(CO)12] (1). The comparison between 2a and 1 is
complicated by the presence of two independent mol-
ecules in the asymmetric unit of the latter crystal.5>®
Moreover, there are two different crystal structure
determinations for complex 1: an X-ray diffraction
study at 173 K5 and a neutron diffraction study at 26
K.5¢, In the following we chose to compare our X-ray
diffraction study with the corresponding study of 1
because, although the neutron study is certainly more
accurate, the two X-ray experiments have comparable
precision. The results of the neutron diffraction experi-
ment will be reported in brackets as pairs of chemically
corresponding values.

The most relevant structural features of 2a can be
summarized as follows: (i) The metal framework con-
sists of a butterfly of iron atoms with Fe—Fe bonds
ranging from 2.584(2) to 2.669(2) Ain compound 2a. The
shortest bond [Fe(2)—Fe(4)] corresponds to the butterfly
hinge and is spanned by the H(hydride) bridge. The
longest bond is between atoms Fe(l) and Fe(2). The
lengthening of this bond with respect to the other wing
bonds is attributable to the steric presence of the PPh;
ligand, which cannot afford to approach the CO ligands
bound to Fe(2) more closely. (ii) The PPh; ligand
formally replaces one “equatorial” wing-tip CO in the
structure of 1; of the two “symmetry-distinguishable”
equatorial coordination sites available on these atoms,
the one trans to the agostic #-interaction with the C—H
ligand is not preferred. (iii) As in 1, the u-n?-methyli-
dyne ligand is roughly placed in the middle of the
butterfly core, with the C atom simultaneously interact-

(12) Moore, E. J.; Sullivan, J. M.; Norton, J. R. J. Am. Chem. Soc.
19886, 108, 2257 and references cited therein. pK, refers to [HB]*.
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Figure 1. Molecular structure of [HFe,(u-n2-CH)(CO),1(PPh3)] (2a). The space-filling outlines the ligand shell embedding

the CH group.
Table 1. Selected Bond Lengths [A] and Angles [deg]
for 2a
Fe(1)—Fe(2) 2.669(2)
Fe(1)—Fe(4) 2.613(2)
Fe(2)—Fe(3) 2.630(2)
Fe(2)—Fe(4) 2.584(2)
Fe(3)—Fe(4) 2.624(2)
Fe(1)—C(30) 1.908(7)
Fe(2)—C(30) 1.926(9)
Fe(3)—C(30) 1.803(7)
Fe(4)—C(30) 1.973(8)
Fe(1)—-H(30) 1.69(1)
C(30)—H(30) 1.04(1)
Fe(2)—H(31) 1.57
Fe(4)—H(31) 1.44
Fe(1)—P(1) 2.238(2)
P(1)—C(12) 1.812(4)
P(1)—C(18) 1.830(5)
P(1)—C(24) 1.818(5)
mean Fe—C(CO) 1.78(1)
mean C—0 1.14(1)
mean Fe—C(CO)—0 177(1)
Fe(3)—C(30)—Fe(l) 172.4(5)
Fe(2)—C(30)—Fe(4) 83.0(3)
Fe(1)—C(30)—H(30) 85(1)
Fe(2)—H(31)—Fe(4) 119
C(12)—P(1)—C(18) 105.0(3)
C(12)—P(1)—C(24) 105.7(2)
C(24)—P(1)—C(18) 101.0(3)
C(12)—P(1)—Fe(1) 108.2(2)
C(18)—P(1)—Fe(1) 118.9(2)
C(24)—P(1)—Fe(1) 116.8(2)

ing (though in an asymmetric fashion) with all four
metal centers. Fe—C(H) distances in 2a range from
1.803(7) to 1.973(8) A, again showing a wider spread
with respect to 1: 1.822(4)—1.958(4); 1.828(5)—1.946-
(5) A [1.822(2)—1.952(2); 1.827(2)—1.949(2) Al. (iv) The
C—H distance is 1.04(1) A, i.e. strictly comparable with
the value observed for 1, 1.00(4); 1.09(4),*® but ap-
preciably shorter than that found in the neutron dif-
fraction experiment [1.176(5), 1.191(4) Al.5¢ The reason

for this difference is inherent to the difference between
the two types of experiments. The reader is referred to
ref 5c for a thorough discussion of the relationship
between X-ray and neutron diffraction results. The
H(30)~Fe(1) separation of 1.69(1) A in 2a is somewhat
midway between the two very different values obtained
by X-ray diffraction in 1 [1.48(4) and 1.80(4) A] and
closer to those obtained by neutron diffraction [1.747-
(4) and 1.753(4) Al. (v) The H(hydride) bridge in 2a is
in an asymmetric bridging position [1.57 and 1.45 Al
as found for 1 in the X-ray diffraction experiment [1.82-
(4), 1.58(4), 1.73(4), 1.63(4) A]. The H(hydride) atom
is, instead, symmetrically located in the neutron struc-
ture of 1 at 26 K [1.674(4), 1.670(4); 1.668(4), 1.670(4)].

Intermolecular C—H~0O(CO) Hydrogen Bonds.
The existence of “weak” C—H=O(C) interactions in solid
1 was discussed by Muetterties ef l.5>¢ In the course
of our study of the molecular organization in solid
organometallic materials, we have illustrated several
examples of these weak intermolecular interactions.®
C—H~O(C) interactions have been detected in the
crystals of both structural isomers of [Irsg(CO)o(us-
trithiane)] (trithiane = 1,3,5-trithiacyclohexane),132 in
various crystals of arene clusters,!® and in the bi-
nuclear carbene complex [CpaFea(CO)3{u-C(H)CN}1.13¢
In 1, due to the presence of two independent molecular
units (A, B) there are two types of C—H~O(C) interac-
tions (see Figure 2). Molecules of type A present one
single H-bond between the x-7%-methylidyne ligand and
a hinge CO ligand with a C—H=~O(C) separation of 2.58
A [0(32)—H(1)]. The second type of molecules (B) are,

(13) (a) Braga, D.; Grepioni, F. J. Chem. Soc., Dalton Trans. 1993,
1223. (b) Braga, D.; Grepioni, F.; Parisini, E.; Johnson, B. F. G,,
Martin, M. C.; Nairn, J. G. M.; Lewis, J.; Martinelli, M. J. Chem. Soc.,
Dalton Trans. 1993, 1891. (c) Aime, S.; Cordero, L.; Gobetto, R.;
Bordoni, S.; Busetto, L.; Zanotti, V.; Albano, V.; Braga, D.; Grepioni,
F.J. Chem. Soc., Dalton Trans. 1992, 2961,
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Table 2. Atomic Coordinates (x10%) for 2a

x y 2z X y Z
Fe(1) 467(1) 8843(1) 7503(1) 09) —3213(6) 9719(6) 8430(5)
Fe(2) —169(1) 8449(1) 8923(1) C(10) 1167(6) 9791(5) 7910(5)
Fe(3) -1777(1) 7633(1) 8030(1) 0(10) 1600(5) 10427(4) 8160(4)
Fe(4) —1375(1) 9296(1) 7742(1) c(an 219(7) 9254(6) 6493(6)
C(30) —645(5) 8150(5) 7762(6) o1 17(6) 9560(5) 5826(4)
H(30) —216(53) 7887(44) 7343(43) P(1) 1882(2) 8045(1) 7424(1)
H@3ED —978 9200 8623 C(12) 1468(4) 7017(3) 6887(3)
C() 564(7) 7465(5) 9233(5) C(13) 986(4) 6381(3) 7298(3)
o) 999(5) 6844(4) 9480(4) C(14) 616(4) 5604(3) 6887(4)
C2) —1397(8) 6538(7) 8312(7) C(15) 727(4) 5464(3) 6064(4)
0(2) —1141(7) 5825(6) 847(T) C(16) 1209(4) 6100(4) 5653(3)
C(3) —2471(7) 7328(7) 7019(7) can 1580(4) 6877(3) 6064(3)
0@3) ~2866(6) 7115(6) 6362(5) C(18) 2844(4) 8509(4) 6864(4)
C4) 7717 9164(6) 9507(6) c9) 2641(5) 9258(4) 6363(5)
(0]C)] 1344(5) 9615(5) 9940(4) CQ0) 3387(6) 9578(5) 5937(5)
C5) ~953(8) 8303(6) 9698(7) C2n 4337(5) 9150(6) 6014(5)
0(5) —1401(6) 8247(5) 10224(5) C22) 4541(4) 8400(6) 6515(5)
C(6) —2881(8) 7660(8) 8556(8) C(23) 3794(5) 8080(4) 6941(5)
O(6) —3564(6) 7656(7) 8878(6) C(24) 2701(4) 7725(4) 8409(3)
(7 —932(8) 10425(7) 7671(7) C(25) 2937(4) 8383(3) 9013(3)
o ~685(6) 11128(5) 7626(6) C(26) 3577(5) 8193(4) 9777(3)
C®) —2028(8) 9234(7) 6702(8) C@2n 3980(4) 7345(4) 9935(3)
O(8) —2470(7) 9226(6) 6016(5) C(28) 3743(5) 6687(3) 9331(4)
[o(%)] —2517(7) 9524(7) 8144(7) C(229) 3104(5) 6877(3) 8568(4)

instead, more efficiently “linked” by two identical in-
teractions related to the crystallographic center of
inversion. These interactions are much shorter, 2.48
A, than those involving molecule A. In crystalline 2a,
on the contrary, no C—H=O(C) interaction is present,
not it could be since the H-atom is completely embedded
within the ligand shell and screened from the surround-
ings by one phenyl group. This can be appreciated from
the space-filling diagram of 2a shown in Figure 1.

A second aspect of interest concerns the intermolecu-
lar interactions between the H(hydride) atoms and the
CO ligands. In 1, two of these interactions join mol-
ecules of type A and B. They are, however, much longer

than those discussed above [2.66 and 2.70 A, respec-
tively] and are clearly detectable only in the structure
determined at 26 K. If the observed H(hydride) atom
in 2a is shifted in the Fe—H—Fe plane to the symmetric
bridging position observed for 1 in the neutron diffrac-
tion study (Fe—H 1.67 A), a “dimer” similar to that
present in 1 is recognizable around a crystallographic
inversion center, as shown in Figure 3.

A systematic study of hydrogen bonding interactions
in organometallic crystals is under way.14

Spectroscopic Investigations. (a) The Salt [HP-
Cysl"[HFe C(CO)y2]l.~ The formulation of the red
product from the reaction of 1 with PCys as a phospho-

Figure 2. C—H=0 and H(hydride)~O intermolecular interactions in [HFe(u-2-CH)(CO);2] (1) between molecules of type

A and B.
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Figure 3. H(hydride)~O intermolecular interactions in 2a. For sake of clarity only the phenyl ipso C atoms are drawn;
the C(CQO) atoms bear the same numbering as the corresponding O atoms.

Table 3. IR v¢o Data for compounds 2a—d.
veo [em™!]

2a 2075 (m), 2037 (vs), 2028 (vs), 2004 (s)

2n? 2080 (m), 2040 (vs), 3032 (vs), 2018 (sh), 2008 (s)

2¢? 2080 (m), 2040 (vs), 2031 (vs), 2017 (sh), 2007 (s), 1994 (w)
2d° 2077 (m), 2035 (vs), 2027 (vs), 2003 (s)

4In n-hexane. ? In petroleum ether.

nium salt of the hydridocarbonyliron carbide cluster
anion [HFe,C(CO)12175% is mainly based on its NMR
spectroscopic properties, namely a doublet in the 3P
NMR spectrum at 6 = 34.4 with Jpy = 442 Hz, which
is indicative of a phosphorus hydrogen bond, and the
absence of 'H resonances in the region —3 < 6(*H) < 1.
The hydride resonance (6 = —26.6) was somewhat
broadened, but fast exchange with the phosphonium
hydrogen can be ruled out since the latter showed
coupling to both the phosphorus and alkyl hydrogens.
The hydride resonance in [PPNT*[HFe,C(CO)12]- (PPN
= N[P{CsHs}3l2) is also broad.’62 The infrared spec-
trum in the v¢o region closely resembles the spectrum
of [PPN1T[HFe4C(CO);12]".52 In addition there is a band
at 2308 cm~! which can be assigned to a P—H stretch.

(b) Substitution Products 2a—d. The infrared
spectra (Table 3) indicate that the electronic structures
of 2a—d, as experienced by the CO ligands, are very
similiar. We attribute this observation to an extensive
delocalization of the varying extra electron density
which is introduced into the cluster by the phosphine
ligands. Selected NMR spectroscopic data are presented
in Tables 4 and 5. Our NMR spectroscopic results
confirm that the u-hydrido(u-n?-methylidyne) cluster
structure, as determined for 2a in the solid state by
X-ray crystallography, is retained in solution. The high-
field proton resonances around 6 —27 (Table 2) are
characteristic for metal bridging hydrides. The H(CH)
resonances between 6 —1.3 and —2.3, and the low value
for J(*3CH) (102.7 Hz for 2a) are indicative! of agostic
hydrogens.

It is interesting to note that the chemical shift of the
CH proton is nearly the same in 1 and 2a, but this

(14) Braga, D.; Grepioni, F.; Sabatino, P.; Desiraju, G. R. Organo-
metallics, in press.

Table 4. Selected 'H NMR Data® for Compounds 2a—d and

1
CH Fe;H

é Jou Jun 6 JeH Jun
2a -1.29 6.5 0.8 -273 3 b
2b -1.60 5.7 0.7 -27.4 b b
2¢c —-2.00 6.0 1.0 -27.52 1 1
2d —-2.27 7.0 1.0 —27.41 1 1
1 -1.31 0.9 —-27.95 0.9

2 In dg-toluene at 20 °C. J in hertz. ¥ Not resolved.

Table 5. Selected 13C and 3'P NMR Data’ for Compounds

2a—-d and 1
4(BC) Jer [Hz] Jep [Hz] 6(41P)
2ab 3335 102.7 9 61.1
2b¢ 3319 d 9 42.8
2¢¢ 328.5 d 9 193
2d¢ 326.7 d 10 19.3
1 335 103.6

@ Methylidyne carbon resonance at 20 °C. ¢ In CD,Cl,. ¢ In ds-toluene,
4 Not determined.

resonance is markedly shifted upfield when the basicity
of the phosphine ligand is increased. However, there
is only a very small effect on the hydride resonance.
31p—1H spin—spin coupling was observed to both the #2-
CH and FezH resonances. The coupling constants were
not affected by cooling to —80 °C. Very fast intramo-
lecular switches of the 4-CH hydrogen between the two
wing tips of the iron butterfly framework were observed
in solutions of 1. The question of a possible CH
hydrogen atom switch between the chemically different
C—H-Fe(CO);PR3; and C—H—-Fe(CO); sites in 2 is
difficult to answer on the basis of NMR studies. From
the appearance of the spectra—sharp 1H resonances
with well-resolved coupling to 3'P—we conclude that
such an exchange process in 2a—d must either be very
fast or very slow on the NMR time scale. In the first
case, the observed value J’py of the coupling constant
between the phosphorus and the methylidyne proton
should be only about half of the real value Jpy, which
would be observable in the second case. In hydrido
cluster complexes, values of less than 3 Hz for Jyp are
usually observed when the hydrido and the phosphine
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Figure 4. Dynamic 1¥C{'H} spectra of 2a (region of the carbonyl ligands only).

ligands are not bound to the same metal atom.!5 For
bridging hydrides bound to a phosphine-substituted
metal carbonyl moiety, Jup typically is 9—18 Hz for the
cis and 28—30 Hz for the trans arrangement.'® In 2a—d
the phosphines are equatorial and therefore cis to the
methylidyne H. The problem is the lack of a suitable
reference for agostic CH—metal interactions in phos-
phine-substituted metal carbonyl cluster complexes.
Therefore the observed small coupling constants of 56
Hz (Table 4) cannot be interpreted unambiguously. Our
MO calculations (vide infra) however suggest that CHFe
bridge switch does indeed take place rapidly in 2.

Fast intramolecular CO exchange occurred in the
clusters 2a—d at 20 °C. In the 'H NMR spectrum of
2¢, there is only one doublet for the methyl groups,
which broadens when the temperature is lowered to 190
K. In a rigid structure with the phosphine in one
particular equatorial position on a wing-tip iron atom,
these methyl groups would be diastereotopic, and two
doublets should be observed. Therefore we can conclude
that the phosphine ligand is participating in the in-
tramolecular ligand exchange processes.

In Figure 4, the 3C dynamic NMR spectra in the
metal carbonyl region of a !3C-enriched sample of 2a
are presented. At high temperature we observed only

(15) Fox, J. R.; Gladfelter, W. L.; Wood, T. G.; Smegal, J. A,;
Foreman, T. K.; Geoffroy, G. L.; Tavanaiepour, L.; Day, V. W.; Day, C.
S. Inorg. Chem. 1981, 20, 3214.

(16) Shapley, J. R.; Richter, S. I.; Churchill, M. R.; Lashewycz, R.
A. J. Am. Chem. Soc. 1977, 99, 7384.

Chart 1. Labeling Scheme Used for the
Assignment of 13C Carbonyl Resonances in 2a

three 13C carbonyl resonances of intensities ca. 2:6:3.
Only the low-field resonance (6 = 214.8) was coupled
to phosphorus (Jcp = 15 Hz).17 The signal at 6 = 211.8
was further broadened, when the hydride resonance was
not decoupled. This spectrum is consistent with fast
intrametal site CO exchange (localized at a single metal
atom), a process which is quite common in metal
carbonyl cluster complexes.’® It was also found to be
operative in the parent compound 1.5 The assignment
of the resonances at temperatures above room tempera-
ture in the direction of increasing field is apical (wing-
tip) Fe(CO)PRs (0, see Chart 1), basal (wing-base)
Fe(CO); (y, 8) and apical Fe(CO); (8). At lower tem-
peratures, specific CO exchange processes become slow
on the NMR time scale.

(17) The two resonances centred at 6 = 214.7 are indeed due to
coupling 18C—3IP as established by recording the spectra at several
different magnetic fields.

(18) Band, E.; Muetterties, E. L. Chem. Rev. 1978, 78, 639.
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Upon lowering of the temperature from 340 to 220
K, the resonance at 6 = 211.8 collapsed and finally split
into three distinct signals with an intensity ratio of ca.
2:2:2 (6 = 214.3, 213.7, and 206.4). The signal at 6 =
213.7 was a doublet when the hydride resonance was
not decoupled. The resonances due to the CO ligands
on apical iron sites were unchanged (one-half of the
doublet due to the apical Fe(CO);P carbony! ligands
accidentally coincided with the singlet at 6 214.3).
Hence, at 220 K CO exchange in the basal Fe(CO); sites
is already slow, while CO exchange on the apical iron
atoms is still fast on the NMR time scale. Tentatively,
we assign the resonance at 6 = 213.7, which is coupled
to the hydride, to the positions vz and &z, trans to the
bridging hydride ligand. Below 220 K the doublet at 6
= 214.7 broadened and lost intensity. This was ac-
companied by a broadening of the resonances at ¢ =
213.7 and 206.4. Spectra were also recorded below 180
K in toluene-dg/thf-ds. At 163 K, the signal at 6 = 211
was still relatively sharp and the high-field signal had
split into two lines. Unfortunately, a complete analysis
of these data was prevented by minor impurities in that
particular sample and severely limited spectral resolu-
tion. Clearly, at 160 K while CO exchange on the apical
Fe(CO); site (i.e. B1, B2, and Ba) is still rapid, exchange
of the apical Fe(CO);P positions oy and o occurs at a
rate comparable to the NMR time scale.

Comparison with the Ferraboranes [HFe;-
(BH)(CO)12-»Ls]~ (L = CO, PMezPh,n =0, 1, 2). The
ferraborane cluster [HFe BH)CO)15]~ (3)1920 is an
interesting isoelectronic and isoprotonic analog to 1.
Unfortunately the crystal structure of this anion has
not been reported. However, the structure of its formal
protonation product [HFe (u-BH3)(CO);2] [8 + H] is
known from an X-ray crystal structure determination.2lb
From spectroscopic evidence, there is no doubt that 3
has the same type of butterfly tetrairon cluster backbone
with a hydride (bridging the hinge FeFe bond) and a
u-n2-BH bridge.1%20 Two phosphine substitution prod-
ucts of 3, namely [HFe4BH)(CO)11(PMegPh)]~ (4) and
[Fes BH2)X(CO)1o(PMe2Ph),] (5), were reported.2%:22d The
monosubstitution product 4 has the phosphine ligand
in an equatorial position at a wing-tip iron atom. As
in the parent 3, of the two “endo” hydrogens one is in a
hydridic FeHFe site and the other remains in the BHFe
bridge. This is closely analogous to the behavior of the
methylidyne cluster complex 1. The disubstituted 5 has
two BHFe interactions and no hydride ligand.20:22d Two
transient intermediates with unknown structure but
containing PMeyPh are involved in the substitution
reactions. Thus no unambiguous conclusion could be
reached about the primary site of nucleophilic attack
by the phosphine.2?® Qur system is even more compli-
cated, since we know that 1 is involved in a deprotona-
tion equilibrium with the more basic phosphines or even
the solvent. At present we do not know whether 1 or
the deprotonated [1 — H]~ or both are attacked by the
phosphines, nor do we know the primary product.

(19) Housecroft, C. E.; Fehlner, T. P. Organometallics 19886, 5, 379.

(20) Housecroft, C. E.; Buhl, M. L.; Long, G. J.; Fehlner, T. P. J.
Am. Chem. Soc. 19817, 109, 3323.

(21) (a) Wong, K. S.; Scheidt, W. R.; Fehiner, T. P. J. Am. Chem.
Soc. 1982, 104, 1111. Fehlner, T. P.; Housecroft, C. E.; Scheidt, W.
R.; Wong, K. 8. Organometallics 1988, 2, 825.

(22) (a) Housecroft, C. E.; Fehlner, T. P. Organometallics 1988, 2,
690. (b) Fehlner, T. P.; Housecroft, C. E. Organometallics 1984, 3,

764. (c) Housecroft, C. E. J. Organomet. Chem. 1984, 276, 297. (d)
Housecroft, C. E.; Fehlner, T. P. Organometallics 1986, 5, 1279.
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Addition of more than 1 molar equiv of phosphine to 1 or
treatment of 2 with more phosphine does not lead to a
single disubstituted product.?® It is still not clear if the
reported?*2 reductive elimination of dihydrogen to form
highly substituted cluster complexes [Fe4C(CO)13-(PR3).]
represents a well-defined reaction pathway.

As for 1 and 2, 3—5 are also dynamic. The most
interesting exchange process is between the FeoH and
the agostic EIHFe (El = B or C) protons, because it
involves the breaking and making of the EIH bond on
the cluster “surface”. This process is quite fast in 8.2
In the phosphine-substituted complex 4, the barrier is
considerably higher.2%22d In the methylidyne cluster
complex 1, exchange of the hydridic and agostic protons
is slow on the conventional (7T%) NMR time scale but can
be observed in the T regime using magnetization
transfer methods.?’ An Arrhenius activation energy of
~21 kcal/mol was reported.2#® It has been stated?42 that
phosphine substitution reduces this value.

We carried out further magnetization transfer experi-
ments on 1 and 2a to clarify this point.26 The slow
exchange between hydridic and agostic hydrogen sites
in both molecules is confirmed by our experiments.
However, there was considerable scatter of the experi-
mental activation parameters obtained from different
samples. Therefore no reasonable quantitative conclu-
sion could be drawn. In view of the high acidity of the
methylidyne H, we suspected that at least part of the
observed exchange occurred via intermolecular path-
ways. Indeed when samples of 1 and [DFes(u-n*-
CD)CO),2] were mixed in CD2Clg, complete scrambling
of the D label was observed within a few hours at room
temperature. Such reactions are likely catalyzed by the
glass surface of the NMR tubes.

Molecular Orbital Calculations. The electronic
structure of 1 and the closely related anions {HFe,C-
(CO)2l™ ([1 — HIY) and [Fe,C(CO)12l?~ ([1 — 2HP") were
studied by several groups using the extended Hiickel
and the Fenske—Hall quantum chemical proce-
dures.5¢22.27.28 Experimentally, [1 — 2H]?~ is monopro-
tonated at a hinge FeFe bond to give the monohydride
anion [1 — H]~.562 The latter is attacked by a further
proton at a CFeapex bond to form the CHFe 3c—2e bond
in 1. Using a reactant-like geometry to model these
reactions, the experimentally observed behavior was
rationalized by Hoffmann et .27 in terms of a frontier
orbital control of the protonation reactions. Housecroft
and Fehlner?? based their explanation on the interaction
of the frontier orbitals of the fragments [HFe,C(CO)1o1t
and [CHJ* in the product of the second protonation step.
The same arguments hold for the positions of the endo
hydrogens in the ferraborane anion 3.22 From extended
Hiickel theory, the difference in energy between the
tilted (E1IHM bridge, |¢| > 0 [Chart 2]) and upright
(terminal EIH, ¢ = 0) coordination geometries of the

(23) Hahn, S.; Wadepohl, H., unpublished results.

(24) (a) Muetterties, E. L.; Geerts, R. L.; Tachikawa, M.; Burch, R.
R.; Sennett, M. S.; Williams, J.; Beno, M. Abstracts of Papers, 182nd
National Meeting of the American Chemical Society, New York, NY,
Fall 1981; American Chemical Society: Washington, DC, 1981; INOR
89. (b) Muetterties, E. L. Chem. Soc. Rev. 1982, 11, 283.

(25) (a) Forsén, S.; Hoffman, R. P. J. Chem. Phys. 1963, 63, 2892,
(b) Campbell, I. D.; Dobson, C. M.; Ratcliffe, R. G.; Williams, J. P. J.
Magn. Reson. 1978, 29, 397.

(26) The experiments were carried out in toluene-dg at 300—310 K.

(27) Wijeyesekera, S. D.; Hoffmann, R.; Wilker, C. N. Organome-
tallics 1984, 3, 962.

(28) Harris, S.; Bradley, J. S. Organometallics 1984, 3, 1086.
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Chart 2
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Table 6. Mulliken Atomic Charges® for 1 and 2e

1 2e
CZV Cs C2v Cs
Fel? 0.131 0.137 0.133¢ 0.138¢
Fe2? 0.131 0.137 0.1014 0.1044
Fe3¢ 0.059 0.044 0.046 0.033
Fed 0.183 0.168 0.131 0.119
C(H) —0.572 ~0.544 -0.579 —0.550
(OH 0.011 0.006 —0.009 -0.016
(Feo)H —0.233 —0.234 —0.231 —0.231

“ Fenske—Hall calculations. * Wing base. ¢ Trans to P. 4 Cis to P. ¢ Wing
tip. f Wing tip, CHFe.
u-E1H moiety was calculated to be rather small, about
0.3 eV for1 (El =C)and 0.8 eV for 3 (El = B).22d

Extended Hiickel calculations on the model complex
[HFe4 BHXCO)11(PH3)]- gave a somewhat increased
barrier for the BHFe bridge switch (¢ < 0° to ¢ > 0°)
as compared to 3; of the two possible BHFe sites the
BH[Fe(CO),PHs] bridge was favored by about 0.2 eV.20
We performed extended Hiickel (EH) and Fenske—Hall
(FH) MO calculations on 1, {1 — H]-, [1 — 2H]?", and
the PH3 monosubstituted derivatives [HFe (CH)XCO)11-
(PH3)] (2e), [2e — H]™, and [2e — 2H}>~. The energies
and composition of the frontier orbitals for the PHs-
substituted species are quite similar to those of the
parent carbonyl cluster complexes. Therefore, the same
arguments as cited above can be put forward to explain
the gross structure of 2e. There are however some
details which merit further attention. The atomic
charges which are assigned to the atoms of the Fe,C
core by a Mulliken population analysis do not change
significantly on replacing a CO ligand by PH;. As has
been remarked before,2? the actual numbers are cer-
tainly not true in the absolute sense but they still allow
us to make qualitative conclusions concerning changes
in the electron distribution. As can be seen from Tables
6 and 7, the carbide carbons (in the monoanions) and
methylidyne carbons (in the neutral cluster complexes)
are the most negatively charged atoms. The HOMOs
of [1 — H]™ and [2e — H]™ are mainly centered on the
wing-tip irons, with small contributions of the carbido
carbon atoms. Therefore, both charge and frontier
orbital control favor a CHFe bridge as the protonation
product of [1 — H]™ and [2e — H]~. In addition, the
values in Table 7 suggest protonation of [2e — H]™ to
occur preferentially at the C[Fe(CO);P] bond. The
differences in the charges of the FesH and CHFe
hydrogens are in accord with the observed high acidity
of the latter.

Although the symmetry of the cluster core is de-
stroyed when a phosphine ligand is added to a wing-tip

(29) For more recent discussions of the drawbacks of Mulliken
population analysis, see: (a) Schaefer, H. F., III. The Electronic
Structure of Atoms and Molecules; Addison-Wesley: Reading, MA,
1972. (b) Streitwieser, A., Jr.; Berke, C. M.; Schriver, G. W.; Grier,
D.; Collins, J. B, Tetrahedron Suppl. 1980, 37, 345. (c) Kostic, N. M;
Fenske, R. F. J. Am. Chem. Soc. 1981, 103, 4677.

Organometallics, Vol. 14, No. 1, 1995 31

Table 7. Mulliken Atomic Charges® and Compositions of
the HOMO* for [HFe,C(CO)12]~ and [HFe,C(CO)y1(PH3)]~

[HFesC(COM2]~ [HFe C(CO)11(PH3)]™
charge HOMO [%] charge HOMO [%]

Fel? 0.154 8.9 0.162¢ 6.0°
Fe2b 0.154 8.9 0.1294 8.74
Fe3e 0.052 23.7 0.050 19.8
Fe4¢ 0.052 23.7 —0.008/ 4.V

C -0.691 33 ~0.731 5.6
(Feo)H —0.239 0 -0.237 0

4 Fenske—Hall calculations. ® Wing base. ¢ Trans to P. 4 Cis to P. ¢ Wing
tip. f Wing tip, FeP.

0.5 ev

v [Deg.]
Figure 5. Plot of the calculated one-electron total energies
for 1 and 2e versus bending angle ¢ of the methylidyne
fragment. Points indicated with squares, 1; with crosses,
2e. Lower curves: d(CFeu,) = 1.87, 1.92 A. Upper
curves: d(CFegpes) = 1.96 A

iron, the hydrido ligand is still expected to bridge the
hinge FeFe bond in a symmetrical manner. Mulliken
overlap populations between the hydride and the two
hinge iron atoms in 2e are 0.303, 0.301 (EH) and 0.254,
0.252 (FH). This is because the FeHFe interaction is
essentially localized in a single MO with neglegible
participation of the two wing-tip iron atoms.

In a series of EH calculations the angle ¢ in 1 and 2e
was varied from —70° to 70° (cf. Chart 2) while all other
distances and angles were kept constant. This is
identical to the “test” process which was used by
Housecroft et al.2° to model the BHFe bridge switch in
1, 3, and 4. These authors obtained a somewhat
increased barrier for [HFeuBH)(CO);1(PH3)]~ as com-
pared to 8; of the two BHFe sites the BH(Fe(CO)x(PH3)]
bridge was favored by about 0.2 V.20 Our results for
the Cy, and C; structures are depicted in Figure 5; they
are again qualitatively similar to those obtained for the
ferraboranes. The barrier for the “test” process is
increased by phosphine substitution, and the CH[Fe-
(CO);PH;] bridge is favored by about 0.1 eV relative to
the CH[Fe(CO)3] site.30

Experimental Section

Reagents and Solvents. All manipulations were carried
out under an atmosphere of purified nitrogen using conven-

(30) It has to be noted here that the calculated energy minima are
at larger angles ¢ (55°) than were found in the crystal structures (¢ =
34° for 1, 28° for 2a; the latter value is not reliable).
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tional Schlenk techniques. Tetrahydrofurane (THF), pentane,
hexanes, and petroleum ether (bp 40—60 °C) were distilled
from sodium benzophenone ketyl prior to use. Toluene-ds and
thf-ds were distilled from potassium mirrors. Dichloromethane-
dg was distilled from calcium hydride powder and stored over
sodium—lead alloy. The acetonitrile used for the deprotonation
studies was refluxed over CaH; powder for several hours and
carefully rectified over a Vigreux column (bp 81.5 °C). 2CO
(90 atom % 13C) was obtained from Bio-Rad and used without
further purification.

Spectroscopic and Analytical Methods. NMR spectra
were recorded at Berkeley on homebuilt instruments using
Bruker or Cryomagnet Systems superconducting magnets (4.2,
4.7, 59, or 7.1 T) interfaced with Nicolet 1180 or 1280
computers and operating in the PFT mode. At Heidelberg, a
Bruker AC 200 instrument with an Oxford 4.7 T magnet was
used. Variable temperature 3C NMR spectra were obtained
from enriched samples at 45.3 MHz. !*C NMR spectra of
nonenriched samples were recorded at ambient temperature
at 75.5 MHz. Chemical shifts are given relative to TMS (*H,
13C) and external 85% H3;PO, (°'P). Infrared spectra were
obtained on a Perkin-Elmer 283 grating spectrometer and on
a Bruker IFS 28 Fourier instrument. Microanalyses were
carried out at the U.C. Berkeley Microanalytical Laboratory
and at the Mikroanalytisches Labor der chemischen Institute
Heidelberg.

Preparation of [(u-H)Fe (u-#2-CH)(CO)1,PPh;] (5 Fe—
Fe) (2a). To 200 mg (0.35 mmol) of [HFe, (CH)CO)2] (1)
dissolved in 25 mL of hexanes and 5 mL of THF was added a
hexane solution (10 mL) of PPh; (91.5 mg, 0.35 mmol) over a
period of several hours with vigorous stirring. The dark brown
solution was allowed to stand at room temperature for ca. 20
h. Removal of solvent in vacuo resulted in a brown oily residue
which was extracted twice with a total of 160 mL of hexanes.
After filtration, the volume of the extracts was reduced in
vacuo by approximately 50%, and the solution was cooled to
—20 °C to afford small brown crystals (180 mg, 64%). Anal.
Caled for C3oH17011FesP (807.82): C, 44.60; H, 2.12; P, 3.83.
Found: C, 44.47; H, 2.15; P, 4.0. *H NMR (CDCl,, 20 °C): ¢
7.5—7.6 (m, Ph, 15H), —1.38 (dd, Jeu = 6.5 Hz, Juy = 0.7 Hz,
CH, 1H), —-27.5 (br, FeH, 1H). 3P{*H} NMR (CDyCl;, 20
°C): 6 61.6.

13C.enriched 2a (60 atom % 3C) was prepared from enriched
1 in the same way.

Enriched 1 was obtained starting from Fe(CO)s; and 3CO
by published procedures.?5

[HFe4(13CH)(*3CO);1PPh;] (13C-2a): 3C NMR (toluene-ds/
thf-ds, 1:2, 45.3 MHz, —70 °C) ¢ 333.8 (dm, Jcp = 10 Hz, Jcu
= 109 Hz, CH, 1C), 214.7 (d, Jcp = 15 Hz, CO, 2C), 211.8 (br,
CO, 6C), 211.3 (s, CO, 3C). 20 °C: & 333.5 (ddd, Jcp = 9 Hz,
Jeu = 102 Hz, 7 Hz, CH, 10), 214.8 (d, Jcp = 15 Hz, CO, 20),
212 (br, CO), 211.4 (s, CO, 3C). The chemical shift of the
center of the two lines at 6 = 214.8 and their separation in
hertz was unchanged when the spectrum was recorded at 75.5
MHz. The 3P NMR spectrum of this sample (recorded at 72.9
MHz and 20 °C) was a symmetrical 15-line pattern due to the
superimposed spectra of isotopomers containing one to three
13C atoms coupled to phosphorus. It is consistent with Jpcap
= 10 Hz and Jpc) = 15 Hz.

Preparation of [(u-H)Fe4(u-n2-CH)(CO)11(PPh:Me)] (5
Fe—Fe) (2b). As in the preparation of 2a, a hexane/THF
solution of 1 (100 mg, 0.17 mmol) was treated with a hexane
solution (10 mL) of PPhsMe (35 mg, 0.17 mmol). After
standing at room temperature for 20 h, the solvent was
removed in vacuo, hexanes (100 mL) were added, and the
mixture was stirred vigorously for 24 h. The brown extract

(31) 13C(carbide) chemical shifts for several carbido cluster com-
plexes prepared en route to !%C-enriched 2a were also recorded:
[FesC(CO)15], 6 485.7 (in CD,Cly, 20 °C); [NEt J[FesC(CO)14], 6 477.4
(in THF-dg, 20 °C); [PPN1{Fe C(CO)12], 6 477.2 (in CDyClg, 0 °C). Our
values for [FesC(CO);5] and [PPN1,[Fe C(CO)ss] agree well with data
reported by Bradley (ref 10).

Wadepohl et al.

was filtered from the residue, which was again extracted with
hexanes (60 mL, 20 h). The combined extracts were concen-
trated in vacuo to ca. 50 mL and filtered. Cooling of the filtrate
to —80 °C gave brown crystals of 2b (45 mg, 36%). Anal.
Calced for CosH15011Fe P (745.75): C, 40.26; H, 2.03; P, 4.15.
Found: C, 39.00; H, 2.31; P, 4.01. 'H NMR (toluene-ds, 20
°C): 6 6.9—7.3 (m, Ph, 10H, corrected for solvent contribu-
tions), 1.62 (d, Jpu = 8.8 Hz, CH3, 3H), —1.60 (dd, Jpu = 5.7
Hz, Juy = 0.7 Hz, CH, 1H), —27.4 (br, Fe.H, 1H). 3C{H}
NMR (toluene-dg, 20 °C): 6 331.9 (d, Jcp = 9 Hz, CH, 1C),
214.0 (d, Jeop = 15 Hz, CO, 2C), 211.1 (s, CO, 3C). The 3C
resonances of the phosphine ligand coincide with solvent
resonances. S!P{!H} NMR (toluene-ds, 20 °C): 4 42.8.

Preparation of [(u-H)Fey(u-n2-CH)(CO)11(PPhMe;)] (5
Fe—Fe) (2¢). This was prepared in the same manner as 2a.
From 100 mg (0.17 mmol) of 1 and 24 mg (0.17 mmol) of PPh,-
Me, brown crystals of 2¢ were obtained, yield 55 mg (48%).
Anal. Caled for Con13011Fe4P (638.68)1 C, 35.14; H, 1.92; P,
4.58. Found: C, 35.33; H, 1.99; P, 4.27. 'H NMR (toluene-ds,
20 °C): 6 7.1—6.9 (m, Ph, 5H, corrected for solvent contribu-
tions), 1.20 (d, Jeu = 9.0 Hz, CHs, 6H), —2.00 (dd, Jpu = 6.0
Hz, Jgu = 1.0 Hz, CH, 1H), —27.5 (br, Fe H, 1H). 3C{'H}
NMR (toluene-ds, 20 °C): 6 328.5 (d, Jop = 10 Hz, CH, 1C),
213.6 (d, Jop = 16 Hz, CO, 20), 211.3 (s, CO, 3C). The 13C
resonances of the phosphine ligand coincide with solvent
resonances. 'P{'H} NMR (toluene-ds, 20 °C): 6 27.3.

Preparation of [(u-H)Fe(u-n2-CH)(CO);1(PMes)] (6 Fe—
Fe) (2d). A solution of 150 mg (0.26 mmol) of 1 in 30 mL of
pentane and 5 mL of THF was treated with a pentane solution
(10 mL) of PMe; (20 mg, 0.26 mmol) at —70 °C. Upon addition
of the phosphine, the previously brown solution turned red.
The mixture was allowed to warm up to room temperature
where upon its color changed to deep brown. It was allowed
to stand for 15 h; then the solvent was removed in vacuo. The
residue was extracted with 20 mL portions of pentane. The
combined extracts were filtered and cooled to —20 °C for 24 h
to afford 2d as dark brown needles (60 mg, 37%). Anal. Caled
for 015H11011FG4P (62161) C, 2898, H, 1.78; P, 4,98.
Found: C, 28.81; H, 1.94; P, 5.00. *H NMR (toluene-ds, 20
°C): 6 0.83 (d, Jpu = 10.0 Hz, CHj3, 3H), —2.27 (dd, Jpu = 7.0
Hz, Jum = 1.0 Hz, CH, 1H), —27.4 (dd, Jpu = 1.0 Hz, Juy =
1.0 Hz, FeoH, 1H). 13C{'H} NMR (toluene-ds, 20 °C): 6 326.7
(d, Jop = 10 Hz, CH, 1C), 213.4 (d, Jcp = 17 Hz, CO, 2C), 211.5
(s, CO, 3C). The 3C resonances of the phosphine ligand
coincide with solvent resonances. 3'P{'H} NMR (toluene-dg):
40 °C, 8 19.3; —80 °C, 6 20.4.

Reaction of 1 with PCy; (Cy = cyclo-CgH;1)s. PCy; (50
mg, 0.18 mmol) was added to a solution of 100 mg (0.17 mmol)
of 1 in 20 mL of hexanes and 5 mL 6f THF. The solution
turned immediately red and a red oil separated. The mixture
was allowed to stand at room temperature for 20 h. Solvent
was removed in vacuo, and the red powder of [(HPCys)l-
[(HFe,C(CO)12)] was washed with hexanes and dried in vacuo.
The yield was quantitative. The same product was obtained
using CHClp as a solvent. Anal. Caled for C3;H3sO15FesP
(853.97): C, 43.60; H, 4.13; P, 3.63. Found: C, 43.73; H, 4.13;
P, 3.76. 'H NMR (CD;Cl;, 20 °C): ¢ 5.04 (dq, Jru = 441.3 Hz,
Juu = 3.8 Hz, PH, 1H), 2.5—1.2 (m, Cy, 33H), —26.6 (br, wie
= 44 Hz, Fe:H, 1H). 3P NMR (CD,Cl;, 20 °C): 6 34.4 (d, Jru
= 442 Hz). IR (CHCly, vco, cm~1): 2017 (sh), 2010 (vs), 1991
(s), 1982 (sh), 1933 (br, w); (vpy, cm™1) 2308,

X-ray Crystal Structure Determination of 2a. Crystals
of 2a were obtained by slow evaporation of the solvent from a
hexane solution. Diffraction data were collected on an Enraf-
Nonius CAD-4 diffractometer equipped with a graphite mono-
chromator (Mo Ka, 4 = 0.71069 A). The intensities were
collected in the w/20 scan mode at room temperature. Crystal
data and details of measurements are summarized in Table
8. The structure was solved by direct methods, followed by
difference Fourier syntheses and subsequent least-squares
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Table 8. Details of the Crystal Structure Determination

of 2a
formula C30H 17FC401 1P
crystal system monoclinic
space group P2i/n
a(A] 13.136(6)
b[A] 15.084(7)
c[A) 16.265(4)
£ 100.95(3)
V[AY] 3164(2)
V4 4
M, 807.8
d.[gem™] 1.70
Fooo 1616
#(Mo Ka) [mm™1] 190.7
X-radiation, A [A] Mo-Kua, graphite
monochromated, 0.71069

data collect. temp ambient
20 range [deg] 6—50
hkl range —15/15, 0/17, 0/19
reflns measd 5742

unique 5537 [R(int) = 0.055]
absorption corrctn empirical
param refined 398
GOF on F? 1.003
R values

R [on F, 2694 reflns with I < o(l)] 0.055

WR; (on F2, all reflexions) 0.180

refinement. For all calculations the SHELXS86%% and
SHELX1.93%b programs were used. Absorption correction was
applied by azimuthal scan of four reflections with y > 80°
[transmission range 0.75—1.00]. All non-hydrogen atoms were
refined anisotropically. H atoms of phenyl groups were added
in calculated positions [d(C—H) = 0.93 A] and refined “riding”
on their respective C atoms. The H atom of the system 7?-CH
was located from the Fourier map, and its position and
isotropic thermal parameter were refined. The H(hydride)
position was also located from a difference Fourier map, but
coordinates and thermal parameters were not refined. A rigid-
body model (angle (CCC) = 120°, d(C—-C) = 1.395 A) was
adopted to refine the phenyl groups.

MO Calculations. The gross geometry of the Fe,C cluster
core common to 1 and 2 was taken from the crystal structure
of 1 and idealized to the point group Cs,. Fe—Fe distances

(32) (a) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467. (b)
Sheldrick, G. M.: SHELXL93, University of Géttingen, 1993.
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were set to 2.60 A (base—base) and 2.62 A (apex—apex). The
carbide carbon atom was placed 1.94 A from the wing-base
and 1.96 A from the wing-tip iron atoms. PHj (dpu = 1.42 A,
drep = 2.24 A) was taken to model the PR; ligands.3® Fe—
2(0) bond lengths were set to 1.80 A and C—0 bonds to 1.15

Extended Hiickel calculations were carried out with CA-
CAO3 using the wave functions supplied with the package.
The weighted Wolfsberg—Helmholtz formula®® was employed.
The iterative self-consistent field Fenske—Hall (FH) proce-
dure® employs the atomic basis functions and the molecular
geometry as the only adjustable parameters. The STO basis
functions used in the FH calculations have been developed by
the Fenske group using the numerical Xa atomic orbital
program of Herman and Skilman®” in conjunction with the Xa-
to-Slater basis program of Bursten and Fenske.?® Exponents
of 4s and 4p atomic orbitals for iron were set to 2.0. A value
of 1.20 was used for the hydrogen exponent. The FH calcula-
tions were also carried out for structures with the methylidyne
carbon shifted away from the wing-tip iron Fe4 which is
involved in the CHFe interaction (dre.c = 1.92, 1.87 A).
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The rhodium-catalyzed hydroformylation of oct-1-ene, cyclohexene, and styrene has been
studied using Rh(CO);Acac as the catalyst precursor and tris(2-tert-butyl-4-methylphenyl)
phosphite as the ligand (T = 40—100 °C, Poo = 2.5—44 bar, Py = 2.5—50 bar, toluene as a
solvent). For oct-1-ene, very high hydroformylation rates are obtained (39.8 x 10° mol [mol
Rhl-! h!) under mild conditions (Pco = 10 bar, Pys = 10 bar, T = 80 °C). The concentration
dependencies of the reaction rate show that the rate-determining step is the reaction of Hp
with the acylrhodium complex. A negative order in the CO concentration is observed. For
cyclohexene, the reaction rate is lower under the same conditions (512 mol [mol Rh]! h~1,
[cyclohexene] = 0.91 M), the addition of cyclohexene to the starting rhodium hydride complex
now being rate-limiting. In the hydroformylation of styrene, the rate is 3 times lower than
that of oct-1-ene. For the formation of the linear 3-phenylpropanal, the rate-determining
step is the reaction of H; with the rhodium acyl species. CO inhibits the reaction. In contrast
with the formation of the secondary 2-octyl species from oct-1-ene, the formation of the
secondary (1-phenylethyl)rhodium species is reversible. For the formation of the branched
aldehyde, the kinetics depend strongly on the CO partial pressure. At low CO pressures,
addition of CO to the proposed (7°-1-phenylethyl)rhodium intermediate is slow. At higher
CO pressures, hydrogenolysis of the rhodium acyl intermediate is the rate-determining step
and the rate decreases with increasing CO.

Introduction

Much research has been conducted to elucidate the
mechanism and the kinetics of the rhodium-catalyzed
hydroformylation reaction.! It is commonly recognized
that the reaction mechanism for the cobalt-catalyzed
hydroformylation as pointed out by Heck and Breslow?
is suitable for the rhodium analogue as well. Marké
and co-workers® and more recently Garland* studied the
unmodified rhodium carbony! catalyst system very
extensively. The active species is generally assumed to
be HRh(CO)3, which is formed by dissociation of a CO
ligand from the HRh(CO), complex as Vidal and Walker®
have evidenced. Very recently Garland® identified RC-
(O)Rh(CO), as the only observable reaction intermedi-
ate, using high-pressure infrared spectroscopy during
the rhodium-catalyzed hydroformylation of 3,3-dimeth-
ylbut-1-ene starting with Rhy(CO)ys.

Marké found different kinetic equations for different
types of alkenes.> Using hept-1-ene, under the typical
reaction conditions of Pys = 33—126 bar, Pco = 40—
170 bar, T = 75 °C, the kinetic expression is the
following:

dlaldehyde] A[Rh]{H,]
ayl  [CO]

(1)

® Abstract published in Advance ACS Abstracts, November 1, 1994.

(1) Heil, B.; Marké, L. Chem. Ber. 1968, 101, 2209.

(2) Heck, R. F.; Breslow, D. S. J. Am. Chem. Soc. 1961, 38, 4023.

(3) (a) Csontos, G.; Heil, B.; Marké, L. Ann. N.Y. Acad. Sci. 1974,
239, 47. (b) Heil, B.; Marké, L.; Bor, G. Chem. Ber. 1971, 104, 3418.
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Scheme 1. Generally Accepted Mechanism for the
Hydroformylation Reaction Catalyzed by the
Unmodified Rhodium Carbonyl Complex

HR(CO), :_1 HRh(CO), + CO (1)
HRh(CO), + olefin % HRh(CO),(olefin) (2)
HRA(CO)5(olefin) % RRK(CO), (3
RRA(CO), + CO #‘—‘ RRN(CO), (4)
RRNCO), == RC(O)RK(CO), (5)

——
kg

RC(O)RN(CO), + M, — e HRN(CO), + RCOH  (6)

This corresponds with the reaction of Hy and the
rhodium acyl intermediate (Scheme 1, step 6) as rate-
determining. Thus as these high pressures, the reaction
is inhibited by CO. At lower CO pressures (Pgo < 20
bar), the reaction is first order in [CO], the coordination
of CO to the rhodium—alkyl complex (Scheme 1, step
4) now appearing as rate-limiting. This proposal is
contradicted® by the observation of RC(O)Rh(CO)q as the
only species present in the reaction mixture at 20 bars
of pressure. However, the substrate used, 3,3-dimeth-
ylbut-1-ene, is a highly substituted alkene and the
conditions are not quite the same. This can influence
the reaction kinetics rigorously as has been shown
recently.” For an internal olefin like cyclohexene and
Rhy(CO);2 as the catalyst precursor, the rate expression

(4) Garland, M.; Pino, P. Organometallics 1991, 10, 1693.

(5) Vidal, J. L.; Walker, W, E. Inorg. Chem. 1981, 20, 249.

(6) (a) Garland, M.; Bor, G. Inorg. Chem. 1989, 28, 410. (b) Garland,
M.; Pino, P. Inorg. Chem. 1989, 283, L411.

© 1995 American Chemical Society
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reported by Marké?® is

d[aldehyde]

q - Hleyclohexenel RhI**TH,™ (2)
From the kinetic equation and infrared data,? it was
concluded that the addition of cyclohexene to the hy-
drido rhodium carbonyl complex is rate-determining
with rhodium predominantly in the tetranuclear cluster.

The phosphine- or phosphite-modified catalyst system
behaves differently. Several active species may be
present in this catalytic system, and the complex that
shows the highest linearity is generally accepted to be
HRh(CO);Ls, in which L represents an arylphosphine
or a small phosphite.® Much research on the kinetics
has been conducted, but only Cavalieri d’Oro and his
co-workers have studied the catalysis under actual
process conditions (P = 10—50 bar, T = 80—120 °C).?
Their results (using propene as substrate and tri-
phenylphosphine as ligand) showed that the reaction
was zeroth order in both CO and H; concentrations,
which excludes the hydrogenolysis (Scheme 1, step 6)
as being rate-determining. Despite these data, many
authors still consider the hydrogenolysis as the turnover-
limiting step.

Several reports!®~12 have appeared using phosphites
as auxiliary ligands. These ligands are considered too
sensitive to hydrolysis and alcoholysis.!®> However,
phosphites are less sensitive toward oxidation than
phosphines and they show, besides lower o-donor ca-
pacities, better 7-acceptor properties. The latter feature
should make them interesting as modifying ligands
covering a wide range of electronic variation. Since the
early 1980s, the use of bulky phosphites in the rhodium-
catalyzed hydroformylation has been a field of
interest.114£12a Thege ligands show a high reactivity in
the hydroformylation of otherwise unreactive olefins!2
and are commercially applied for the formation of
3-methylpentane-1,5-diol.}? In contrast to the assertion
that bulky phosphite containing catalysts are not ap-
plicable in the hydroformylation of alk-l-enes, we
showed earlier a very high reaction rate of the hydro-
formylation of oct-1-ene using tris(2-tert-butyl-4-methyl-

(7) Van Rooy, A.; De Bruijn, J. N. H.; Van Leeuwen, P. W. N. M.;
Roobeek, C. F. To be published.

(8) Brown, J. M.; Kent, A. G. J. Chem. Soc., Perkin Trans. 2, 1987,
1, 597.

(9) (a) Cavalieri d’Oro, P.; Raimonde, L.; Pagani, G.; Montrasi, G.;
Gresorio, G.; Andreeta, A. Chim. Ind. 1980, 62(7-8), 572. (b) Cavalieri
d’Oro, P.; Raimondt, L.; Pagani, G.; Montrasi, G.; Gregorio, G.; Oliveri
del Castillo, G. F.; Andreeta, A. Symposium on rhodium in homoge-
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Table 1. Influence of the Phosphite/Rhodium Ratio on the
Different Reaction Parameters (Conditions: T = 80 °C, Pco
= Py, = 10 bar, [Rh(CO),Acac] = 0.1 mmol dm3,
[oct-1-ene] = 0.86 mol dm~3 in 20 mL of toluene)

run  P/Rh  convn (%) kya (X103 mol mol~'h~!) nfiso isom (%)

1 10 31 397 2.0 16
2 50 23 384 1.9 12
3 50 32 42.5 1.9 12
4 50 30 385 1.9 14
5 250 29 43.2 1.9 12

phenyl) phosphite,'4 combined with an average regiose-
lectivity (linear aldehyde:branched aldehyde = 2:1) and
a low isomerization rate. A preliminary mechanistic
study of this catalytic system was carried out by
Jongsmal® using less reactive cycloalkenes as the sub-
strates. Under 20 bar Hy/CO, the main rhodium species
is HRh(CO)3P (P = tris(2-tert-butylphenyl) phosphite)
as was evidenced by NMR and IR spectroscopy, meaning
that only one CO ligand is replaced by the bulky
phosphite instead of two, which is the case with tri-
phenylphosphine. Under hydroformylation conditions
(after adding alkene), in situ IR showed that the same
species was most abundant. Thus, his results indicate
that the bulky phosphite modified system behaves
differently from the triphenylphosphine-modified sys-
tem.

In this article, we report on the kinetics of the bulky
phosphite, tris(2-tert-butyl-4-methylphenyl) phosphite,
modified system and the mechanism of the hydroformy-
lation reaction is discussed. We studied the effects of
H; and CO pressures in the hydroformylation of oct-1-
ene, cyclohexene, and styrene as well as the influence
of the rhodium, ligand, and substrate concentrations.

Results

For all substrates a 100% conversion could eventually
be reached. To compare the results properly, we decided
to present in the tables data obtained at similar
substrate conversions.

Oct-1-ene. First, it was determined which tris(2-tert-
butyl-4-methylphenyl) phosphite/rhodium ratio was suf-
ficient to be certain that all rhodium particles are
converted in situ into the active complexes and all the
effects measured could be ascribed to the other varied
conditions.? Jongsma!® found an enhancement in reac-
tion rate at increasing phosphite/rhodium ratio and
proved that at low phosphite concentrations Rh(CO);Acac
is not converted completely to a hydride. Table 1
summarizes the results of varying the P/Rh ratio. All
results remained equal as the P/Rh ratio increased, and
it was decided to use a minimum ratio of 50 in the
kinetic experiments at a total rhodium concentration
of 0.1 mmol dm2,

An increase of the reaction temperature causes an
enhancement of both the rate of hydroformylation and
that of isomerization, as can be seen in Table 2. Also a
slight increase of the n/iso (n/i) ratio is observable. The
zeroth-order reaction rate constant for the formation of
aldehyde changes from 1.7 x 108 [mol] [mol Rh]-! h-!
at 50 °C to 87.83 x 102 [mol] [mol Rh]~! h~! at 90 °C,

(14) Van Rooy, A,; Orij, E. N.; Kamer, P. C. J.; Van den Aardweg,
F.; Van Leeuwen, P. W. N. M. J. Chem. Soc., Chem. Commun. 1991,
1096.

(15) Jongsma, T.; Challa, G.; Van Leeuwen, P. W. N. M, J.
Organomet. Chem. 1991, 421, 121,
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Table 2. Temperature Effect on the Hydroformylation
Results (Conditions: pco = puz = 10 bar, [Rh(CO),Acac] =
0.1 mmol dm=3, P/Rh = 50, [oct-1-ene] = 0.86 mol dm~3 in

20 mL of Toluene)
run  T(°C) convn (%) kaq(x10°mol mol~1h~1) nf/iso isom (%)
6 50 18 1.7 1.5 3
7 60 23 5.3 1.6 4
8 70 38 16.9 1.7 7
2—4¢ 80 28 39.8 1.9 13
9 90 38 87.3 2.1 24

4 The average values of runs 2, 3, and 4 are given, o(n—1)}TOF) =
2.54 x 103,

Table 3. Substrate Dependency of the Hydroformylation

Reaction Rate and Reaction Products (Conditions: 7 = 80

°C, pco = puz = 10 bar, P/Rh = 50, [Rh(CO);Acac] = 0.1
mmol dm™3, P/Rh = 50, [oct-1-ene] = 0.86 mol dm™3 in

20 mL of Toluene)

[oct-1-ene] convn kata (x10° mol isom
run ™M) (%) mol~! h™1) nliso (%)
10 0.46 44 28.5 1.9 14
11 1.21 24 29.6 1.8 14
12 0.86 43 32.1 1.9 13
134 1.73 13 46.2 1.7 1.1
144 0.86 23 43.1 1.7 2.1
15¢ 0.43 11 30.3 1.7 0.6
152 043 17 24.6 1.7 0.4
15¢ 0.43 41 23.0 1.7 1.2

% Pco = Pyy = 40 bar.
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Figure 1. Course of a typical hydroformylation experi-
ment: (A) percentage of oct-1-ene in the reaction mixture,
(0) percentage of formed aldehydes. Conditions: T = 80
°C, Pco = Pys = 10 bar, [Rh(CO)zAcac] = 0.5 mmol dm3,
[(2-¢-Bu-4-MeCgH40);3P] = 5 mmol dm3, [oct-1-ene] = 0.86
mol dm~3 in 20 mL of toluene.

and the amount of isomerization products is enlarged
from 3% to 24%.

As can be concluded from Table 3 and Figure 1, in
our dilute solution, the reaction rate is independent of
the octene concentration up to at least 30% conversion.
This concentration corresponds to a conversion of 95%
if the reaction were carried out in pure octene. In
Figure 1, the course of a typical reaction, performed at
standard conditions, is drawn and it shows that the
octene concentration decreases linearly with the reac-
tion time up to even 60% conversion in this dilute
solution. The ratio of the products that are formed (both
of the aldehydes and internal octenes) is constant during
that time. When the reaction of oct-1-ene begins to slow
down, the internal octenes, formed via isomerization of
oct-1-ene, are hydroformylated as well, resulting in
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Figure 2. Dependency of the reaction rate on the concen-
tration of the catalyst precursor (runs 16-29). a =
turnover number. Conditions: T = 60 °C, Pys = Pco = 10
bar, [(2-tBu-4-MeCgH0)sP] = 5 mmol dm3, [oct-1-ene] =
0.86 mol dm~3 in 20 mL of toluene.

several branched aldehydes and hence causing a dis-
turbance in the initial normal to branched ratios.

We repeated these reactions under pseudo-zeroth-
order conditions in CO and Hg-, i.e. 80 bar CO/H; (runs
13—-15), and these results confirmed what we stated
before: in the higher concentration region, no substrate
dependency was observed. From ~50% conversion of
our standard oct-l-ene concentration (=0.86 M), the
octene appears in the reaction equation as we found
indeed for the low concentration experiment a lower
initial rate in agreement with Figure 1. The order we
determined for that region was around 0.3.

We also studied the effects of the rhodium precursor
concentration on the rate of the hydroformylation reac-
tion. To avoid exothermic temperature effects at high
catalyst concentrations and 80 °C, we did the measure-
ments at 60 °C and we varied the rhodium concentration
from 0.2 to 8 times our standard concentration. From
Figure 2 it is clear that the rate of formation of the
product aldehydes is linearly proportional to the rhod-
ium precursor concentration. So it can be concluded
that the reaction rate has in this low concentration
region a first-order dependency on the rhodium concen-
tration. From this figure, it can also be concluded
that diffusion of the gases into the solution is not rate-
limiting. Otherwise, at enhanced rhodium concentra-
tions, i.e. at higher overall gas consumptions, this
diffusion limitation would have shown up in decreased
reaction rates, higher amounts of isomerized alkene,
and a higher normal (n) to iso ratio. None of these
phemomena were observed (see also Experimental Sec-
tion).

Variation of the total pressure (Pco/Puz = 1) causes
a slight increase in the hydroformylation reaction rate,
and the normal to iso ratio decreases from 2.1 to 1.8
(Table 4). However, the formation of internal octenes,
caused by isomerization of oct-1-ene, decreases signifi-
cantly at higher overall pressures. The table shows that
the rate of formation of both the normal and the
branched aldehydes as well as the rate of the isomer-
ization reaction is first order in Hjy concentration. No
significant change in the n/iso ratio is observable. The
hydroformylation reaction rate, however, shows an
inverse dependency on the CO partial pressure. At very
low CO pressures, the reaction even has a runaway
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Table 4, Effect of Variation of Pressures on the
Hydroformylation of Oct-1-ene (Conditions: P/Rh = 50, T =
80 °C, [Rh(CO);Acac] = 0.1 mmol dm-3, [oct-1-ene] = 0.86
mol dm™3 in 20 mL of toluene)
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Table 5. Influence of the Temperature on the Rate of
Hydroformylation of Cyclohexene (Conditions: Pco = Py =
10 bar, P/Rh = 10, [Rh(CO);Acac] = 1 mmol dm3,
[cyclohexene] = 0.91 mol dm~3 in 20 mL of Toluene)

Pz Pco convn  kuq (X 10% mol isom
run (bar) (bar) (%) mol~lh™1) nfiso (%)
30 2.5 2.5 28 30.5 2.1 28

4 10 10 30 38.5 1.9 14
31 15 15 28 437 1.8 9
32 20 20 32 45.4 1.8 6

4 10 10 30 38.5 1.9 12
33 10 21 28 25.6 1.7 8
34 10 32 30 14.3 1.7 6
35 10 40 17 7.6 1.7 3

8 102 10 38 16.9 1.7 7
36 20¢ 10 28 349 1.7 6
37 30° 10 28 394 1.7 5
38 304 10 28 42.3 1.7 5
39 404 10 32 72.4 1.7 5
40 504 10 28 85.2 1.7 5

aT =170 °C.
e 6.47 ,
“— 6.31

é

= 6.2 \

£ 6.1]

b r'y

g 6.0

S

[T

O 5.9

-

£ 5.8

5.71
5.6 — r y '
0 50 100 150 200
time/min

Figure 3. In plot of the average turnover frequency of the
hydroformylation of cyclohexene (calculated by means of
the pressure drop) against the reaction time. A = turnover
number. Conditions: T = 80 °C, Pco = Pys = 10 bar P/Rh
= 10, [Rh(CO);Acac] = 1 mmol dm3 [cyclohexene] = 0.91
mol dm~3 in 20 mL of toluene.

character. The CO present in the reaction mixture is
consumed so fast that diffusion of CO from the vapor
into the solution becomes rate-determining. At increas-
ing CO pressure, the isomerization reaction is sup-
pressed.

Cyclohexene. The hydroformylation of substituted
alkenes is, as known, much slower than the hydro-
formylation of 1-alkenes. For cyclohexene, the In plot
(Figure 3) of conversion vs time shows clearly that the
reaction rate is first order in cyclohexene concentration.
The rate constant determined from the ln plot is 512
[mol] [mol Rh]~! h~1 (T = 80 °C, Pco = Pye = 10 bar,
initial cyclohexene concentration = 0.91 M), being 80
times lower than for oct-1-ene (note: this comparison
is of limited value because the hydroformylation of oct-
1-ene shows a zeroth-order dependency in substrate
concentration).

In Table 5, the influence of the reaction temperature
on the reaction rate is presented. Raising the initial
temperature results in an increase of the rate constant.
Going from 70 to 100 °C, the reaction proceeds faster
by a factor of approximately 10. The determined initial
turnover frequencies are respectively 176 and 1636
[mol] [mol Rh]™! h! (Pco = Py = 10 bar, initial
cyclohexene concentration = 0.91 M).

run T (°C) convn (%) kag (mol mol~1 h~1)
41 70 27 176
42 80 34 512
43 90 37 788
44 100 41 1636

Table 6. CO- and H,-Pressure Influence on the Rate of
Hydroformylation of Cyclohexene (Conditions: T = 80 °C,
P/Rh = 10, [Rh(CO);Acac] = 1 mmol dm3, [cyclohexene] =
0.91 mol dm—3 in 20 mL of Toluene)

un Py (bar) Pco (bar) kag (mol mol~1 h~1)
45 10 10 512
46 15 10 555
47 20 10 573
48 30 10 652
49 10 5 607
50 10 20 324
51 10 30 244
52 10 40 219

Table 7. P/Rh Dependency of Hydroformylation of Styrene
(Conditions: T = 80 °C, Pco = Py; = 11 bar,
[Rh(CO);Acac] = 0.25 mmol dm™3, [styrene] = 0.89 mol
dm~3 in 20 mL of Toluene)

kag (x10° mol

run P/Rh convn (%) mol~lh~1) iso/n
53 5 21 4.1 3.3
54 20 25 19.8 3.0
55 20 21 14.6 34
56 20 19 15.0 34

574 50 19 16.0 37
58 200 25 19.6 31

2 [Rh(CO)Acac] = 0.002 mmol in 20 mL.

Table 8. Influence of the Initial Styrene Concentration on
the Reaction Rate and Selectivity (Conditions: T = 70 °C,
Pco = Pyz = 11 bar, [Rh(CO):Acac] = 0.25 mmol dm™3,
P/Rh = 20 in 20 mL of Toluene)

kag (x10° mol

run [styrene] (M) convn (%) iso/n mol~! h™1)
59 0.47 38 5.1 113
60 0.89 23 5.9 12,0
61 1.27 24 55 109

The pressure dependencies are clear; the Hy concen-
tration has a slightly positive effect on the reaction rate
(see Table 6), the order in pHy being approximately 0.2.
The CO pressure affects the reaction rate very signifi-
cantly. The % is decreased by a factor of 3, going from
5 to 40 bar of CO, which corresponds with a negative
order in CO (~ —0.65).

Styrene. From Table 7 it is clear that a P/Rh ratio
of 5 is too small to transform all rhodium into an active
catalyst but that a ratio of 20 is sufficient.

Variation of the initial styrene concentration hardly
influenced the reaction rate and the normal to branched
ratio (Table 8). We found an average overall reaction
rate of 10.2 x 103 [mol] [mol Rh]™! h™! (T = 70 °C,
[styrene] = 0.89 M, rate averaged over about 30%
conversion of styrene) which is a factor of 3 lower than
the rate found for oct-1-ene.

As in the hydroformylation of other substrates, an
increase in temperature leads to an enlarged overall
reaction rate but, more noteworthy, to a considerable
decrease of the selectivity toward the branched aldehyde
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Table 9. Influence of the Reaction Temperature on the

Rate and Selectivity of the Hydroformylation of Styrene

(Conditions: Pco = Py; = 11 bar, [Rh(CO)Acac] = 0.25
mmol dm™3, [styrene] = 0.89 mol dm—3, P/Rh = 20 in 20 mL

of Toluene
convn kp.ata (x10° mol  Kisoala (x 10° mol
run T(CC) (%) iso/n mol~Th~1) mol~th~1)
62 51 23 10.6 0.2 2.1
63 60 22 7.6 0.8 5.8
64 70 23 59 1.8 10.2
54—56° 80 22 33 39 12.6
65 90 27 2.1 6.2 12.6

¢ Average of runs 54, 55, 56 is given, o(n-1}(TOF) = 2.00 x 103,

Table 10. Py; and P¢o Influence on the Rate and
Selectivity of the Hydroformylation of Styrene (Conditions:
T = 80 °C, [Rh(CO),Acac] = 0.25 mmol dm3, P/Rh = 20,

[styrene] = 0.89 mol dm~3 in 20 mL of Toluene)

Py;  Pco convn Kn-alg (x10° mol  kisoarq (x 10% mol

run  (bar) (bar) (%) iso/n mol~ ! h~1) mol~! h~1)
66 5 11 11 2.3 2.7 6.3
54—562 11 11 22 33 39 12.6
67 17 11 20 4.4 5.5 24.4
68 24 11 21 4.7 8.0 37.8
69 11 5 21 2.0 5.6 11.0
54—564 11 11 22 33 39 12.6
70 10 16 23 4.3 34 14.8
71 10 21 23 5.0 2.3 114
72 10 33 18 4.5 1.3 59

@ Average of runs 54, 55, 56 is given, o(n-1)(TOF) = 2.00 x 10°.
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Figure 4. Dependency of the rate of formation of alde-
hydes on CO pressure. TOF = turnover frequency, O =
turnover frequency for the branched aldehydes, o =
turnover frequency for the normal aldehydes. Condi-
tions: T = 80 °C, Py = 11 bar, [Rh(CO),Acac] = 0.25 mmol
dm3, [(2-tBu-4-MeCgH;0)sP] = 5 mmol dm™3, [styrene] =
0.89 mol dm™2 in 20 mL of toluene.

(Table 9). At temperatures above 80 °C, the observed
rate for isoaldehydes remains equal. Remarkably (Table
10), the order in Hy for the formation of linear aldehydes
is lower than 1 and the order in H for the formation of
isoaldehydes is larger than 1. This means that the
regioselectivity is also dependent on the H; pressure;
at increasing Hy pressure the formation of branched
aldehyde is more favored. At an increasing CO/H; ratio,
the hydroformylation reaction is suppressed, the forma-
tion of the isoaldehyde being slightly less affected (Table
10). As a result the plot of the rate of formation of
branched aldehydes vs CO pressure shows a maximum
(Figure 4).
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Discussion

Oct—1-ene. The high hydroformylation rates are
remarkable. As reported by Jongsma,!5 in competition
with CO, only one phosphite coordinates to the Rh
center due to its large cone angle (180°, cf. PPhj 145°).16
This complex has, similar to the HRh(CQO), catalyst, a
strong aptitude for CO dissociation compared with the
triphenylphosphine-modified catalyst. With only one
phosphite bonded to the rhodium, the 16-electron com-
plex easily binds to the olefin, thus initiating a very fast
reaction cycle. Due to the large space available in
comparison with the HRh(CO);(PPhs); system, the
reaction to the branched aldehyde proceeds with relative
ease as well, resulting in a moderate overall linearity.

Another remarkable result is the runaway character
of the reaction. This is probably the reason that some
other authors®!! postulated that bulky phosphite ligands
induce a high isomerization rate and hence are not
applicable as modifying ligands in the hydroformylation
of terminal alkenes. The hydroformylation reaction
proceeds so fast that all CO present in solution is
consumed. At very low concentrations of CO, the mass
transport is now rate-determining and the system
catalyzes isomerization (see also Experimental Section).
When all terminal alkenes are converted into aldehydes,
the internal alkenes start to participate in the hydro-
formylation as well. As a result, the high isomerization
rates give low n/iso ratios. To circumvent this problem,
the reaction rate has to be low or the stirring of the
reaction mixture has to be efficient. In our apparatus
with magnetic stirring bars, no kinetic measurements
could be done at CO pressures below 5 bar and a
rhodium concentration above 0.8 mmol dm=3, but oth-
erwise stirring was effective.

A first-order dependency in Hj concentration indicates
that the Hy reaction with the rhodiumacyl intermediate
is the rate-determining step. Cavalieri d’Oro and co-
workers® found that when propene was hydroformylated
with the PPhs-modified rhodium carbonyl complex,
higher Hj pressures affect the reaction rate only slightly
and the value found for the order in Hy was between
0.0 and 0.05. Thus, the bulky phosphite system does
not resemble the triphenylphosphine-modified catalyst
but our reaction appears to fit the kinetics found for the
unmodified rhodium carbonyl catalyst by Marké et al.?
(eq 1) who used 1-heptene as a substrate and performed
the reaction at pressures above 75 bar. We found
approximately the same dependency on Ho/CO and Rh,
and our initial reaction rate was also independent of
the olefin concentration when oct-1-ene was used as a
substrate (even at these low concentrations). After 50%
conversion or at the corresponding initial oct-1-ene
concentrations, the reaction rate becomes dependent on
the alkene concentration, but for further considerations
we choose to focus on the catalyst behavior at the initial
conditions. The only step of the reaction mechanism
featuring a reaction with Hy is the hydrogenolysis of
RC(O)Rh(CO)4—,P,, forming the aldehyde and regener-
ating the starting catalytic active rhodium complex (step
7 in Scheme 2).

The negative order in CO can be due to two steps in
the reaction cycle where CO can play an inhibiting role
(steps 1 and 6 of Scheme 2). Step 1 can be ruled out

(16) Tolman, C. A. Chem. Rev. 1977, 313.
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Scheme 2. Proposed Mechanism of the
Tris(2-tert-butyl-4-methylphenyl) Phosphite
Modified Rhodium-Catalyzed Hydroformylation

HRHP(CO), —:-“—~ HRhP(CO), + CO )
HRhP(CO), + olefin —:22—- HRhP(CO),(olefin) (2)
HRhP{CO),(oletin) + RRhP(CO), (3)
ARNP(CO), + CO #‘—a— RANP(CO), (4)
RRNP(CO), ———:5~ RC(O)RNP(CO), (5)
RC(O)RhP(CO), + CO :ﬁ; RC(O)RhP(CO), (6)

RC(O)RAP(CO), +H, ——Z—= HRARP(CO), +RCOH  (7)

from any significant importance because the reaction
rate is found to be independent of the oct-1-ene concen-
tration (provided that 2_;{CO] > ko[oct-1-ene]).!” The
second step where the presence of a CO molecule can
inhibit the reaction is in step 6, after the rhodium acyl
complex has been formed. After step 5, two onward
reactions are possible. First, reaction with Hp can take
place, which finally results in the starting catalyst
complex and product aldehyde. Second, a molecule of
CO can occupy the vacant site and a saturated inactive
complex is formed, thus inhibiting the completion of the
cycle. The order in CO is explained by the equilibrium
represented by step 6 in Scheme 2. The resulting
negative order in CO suggests that the acyl species
rather than the alkyl species is the most abundant
species under the reaction conditions; Garland® observed
RC(O)Rh(CO), in the system without modifying ligands,
and although he used a different substrate, neohexene,
he found approximately the same rate equation (zeroth
order in substrate concentration). The fact that we
found an order in CO that is somewhat larger than —1
(about —0.5 to —1) suggests that certain reaction steps
have rates of similar magnitude, which results in a less
clear-cut rate equation. It was nearly impossible to
derive a useful rate equation comprising all seven steps
which can be applied for all substrates,'® and we are
forced to treat the different substrates separately. We
start from the experimentally determined concentration
dependencies and choose only that part of the scheme
that is likely to fit the data (see also cyclohexene
discussion).

(17) The in situ infrared spectrum during the hydroformylation of
oct-1-ene showed a species clearly different from the HRhP(CO)3 (P =
tris(2-tert-butyl-4-methylphenyl) phosphite) complex (2093 (w), 2045
(s), and 2016 ¢cm™! (s)), the predominant species expected if the rate-
limiting step is the addition of the substrate as indeed occurred when
cyclohexene was hydroformylated. The observed carbonyl frequencies
during the hydroformylation of oct-1-ene were 1955 (w), 2027 (s), and
2043 (s), and no change occurred when H; was replaced by D;
(conditions: T = 65 °C, Pyz = 5 bar, Pgo = 15 bar, [Rh(CO)Acac] =
3.24 mmol dm~3, [tris(2-tert-butyl-4-methylphenyl) phosphite] = 52.83
mmol dm™?, and [oct-1-ene] = 1.04 mol dm=2 in 12 mL of cyclohexane).
No acyl CO frequency could be observed probably because (if present)
it would absorb in the same region as the aldehyde carbonyl group.

(18) We made an attempt to describe the kinetic behavior with four
steps involved. The mechanism was reduced to the following sequence:

HRKW(CO) =~ HRh + CO (a)

HRh + alkene == HRh(alkene) (b)
HRh(alkene) = RhR = isomerization (c)
RhR + CO — RhR(CO) (d)

With eq a in preequilibrium, employing a steady state approach for
[HRh(alkene)] and {RhR] and making the assumption that [Rh:] =
{HRh(CO) + [HRh] + [HRh(alkene)] + [RhR] we obtained the following
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For oct-1-ene, the hydrogenolysis is rate-determining
(step 7, Scheme 2):

r = kJRhP(CO),C(O)RIH,] (3)

It is assumed that all forward steps are faster and that
step 6 is in equilibrium. Furthermore we prefer a
preequilibrium treatment rather than a steady state
approach since after some time the equilibrium of step
6 will be established. With [Rh¢] ~ [RhP(CO);C(O)R]
+ [RhP(CO)3C(O)R], the next equation is obtained:

_ k,[H,1[Rh,] @
"= KCO1+1
When K¢[CO] > 1, (4) is reduced to
_ k,[H,1[Rh,]

= ~K,CO] ®

This equation describes the observed first order in Hj
and inverse first order in CO and is indeed similar to
that of the unmodified system, eq 1, described by
Marksé.®

A regularly recurring subject is the selectivity to
hydroformylation vs isomerization and the normal to
branched ratio. The relation between the observed
isomerization and the normal to branched ratio has been
clearly explained by Lazzaroni.!®20 Isomerization is a
result of B-hydride elimination of the isoalkyl bonded
to the rhodium. The elimination can occur from two
different sides of the secondary bonded alkyl forming
either 1-alkene or 2-alkene. Because this reaction has
a higher free energy of activation than the hydroformy-
lation reaction and because §-hydride elimination re-
quires a vacant site, the proportion of isomerization is
expected to increase with higher temperatures and
lower pressures. Lazzaroni showed by means of deu-
terioformylation of hex-1-ene that indeed the degree of
isomerization depended on the reaction conditions. No
isomerization occurred at low temperatures, and the
amount of deuterated rearrangement products was
higher for the branched than for the linear metal—alkyl.
At a reaction temperature of 100 °C, for linear alkyls,
the hydroformylation predominates $-hydride elimina-
tion, but for the branched alkyl, elimination predomi-
nates hydroformylation. This was also observed for the
bulky phosphite system (see Table 2). In the present
system the degree of isomerization increases with
temperature. Although isomerization of the linear alkyl
is not productive, we exclude $-hydride elimination.
Otherwise, our kinetic data would be distributed and
not give such a clear picture as is shown here; -hydride
elimination of the linear alkyl species would cause a
decrease in the overall rate of formation of aldehydes.

equation:
K, kok,k,[Rh,][alkene][CO]
r=
A + Blalkene] + Cl[alkenel[CO] + D[CO] + E[COJ

with A = K1k2k3, B = K]kQ]Es + K1k2k—3, C= K1k2k4, D= K1k_2k4 +
Kiksks + k_gk_3, and E = k_gky + ksks, which reduces under suitable
conditions to (a). The total derivation as well as those of the used rate
equations are available as supplementary material.

(19) Lazzaroni, R.; Ucello-Barretta, G.; Benetti, M. Organometallics
1989, 8, 2323.

(20) Lazzaroni, R.; Rafaelli, A.; Settambolo, R.; Bertozzi, S.; Vitulli,
G. J. Mol. Catal. 1989, 50, 1.
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As only the isoalkylrhodium will form internal alkenes
(Scheme 3), the relative amount of branched aldehyde
diminishes and the apparent initial normal to branched
ratio will be higher, and is indeed the case (see tables).
Since 1-alkenes are much more reactive than internal
alkenes, significant hydroformylation of the latter will
take place only after most of the alk-1-ene has been
consumed.

When no $-hydride elimination takes place (k3 > k_3),
the irreversible step 3 (Scheme 2) determines the
regioselectivity and yet the hydrogenolysis step 7 (Scheme
2) is rate-determining. When the substrate conversion
is high and the conditions are chosen such that step 3
(Scheme 2) is only reversible for 2-alkyl intermediates,
the isomerization products are hydroformylated and the
regioselectivity depends on the degree of conversion. The
kinetics of the internal alkenes are different, as now
coordination of alkene to rhodium (step 2) is rate-
determining.

Cyclohexene. A first-order dependency in cyclohex-
ene concentration, a negative order in CO, and a very
slightly positive order in Hj leads to the conclusion that
the rate-determining step is$ no longer the hydrogenoly-
sis reaction (Scheme 2, step 7) as was found for oct-1-
ene. The data clearly indicate that one of the steps
preceding step 7 is now rate-determining. Most likely,
the exchange of one CO ligand for cyclohexene (Scheme
2, step 2) is the slowest step. Due to its internal dowble
bond cyclohexene approaches the rhodium center less
easily, i.e.

r = ky[RhH][cyclohexene] (6)

From the assumption that RhP(CO)sH and RhP(CO).E
+ CO occur in preequilibrium and [Rh,] = [RhP(CO).H]
+ [RhP(CO)3H], it follows that

_ K, ky[Rh;l[cyclohexene]
m= K, +[CO]

(N

This relation describes both the observed orders in the
rhodium precursor and cyclohexene and the negative
order in CO. The kinetic expression would also be in
accordance with step 3 being the rate-determining step
following a fast preequilibrium of steps 1 and 2. How-
ever, this seems unlikely since upon migration (Scheme
2, step 3) the steric repulsion is released.

Our results are not completely in agreement with the
kinetic results that Marké obtained with the rhodium
carbonyl system. He observed an equal dependence in
the cyclohexene concentration but he did not notice any
influence of the CO partial pressure, for which we found
an order between —0.6 and —0.7. This can be due to
the different nature of the active complexes HRh(CO),
and HRhP(CO); (P = tris(2-tert-butyl-4-methylphenyl)
phosphite). Furthermore, HRh(CO), is in equilibrium
with a tetrameric rhodium cluster. The complexes may
have a different aptitude for CO dissociation resulting
in a different overall kinetic equation. Little mecha-
nistic research has been done on the triphenylphos-
phine-modified rhodium-catalyzed hydroformylation of
cyclic alkenes because of their poor reactivity,?! but it

(21) (a) Brown, C. K.; Wilkinson, G. J. Chem. Soc. A 1970, 5, 2753.
(b) Brown, C. K.; Wilkinson, G. Tetrahedron Lett. 1969, 22, 1725.
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would seem that also for these catalysts the association
of metal and alkene is rate-determining.

Styrene. The hydroformylation of styrene with the
bulky phosphite modified catalyst is somewhat slower
than that of oct-1-ene. This is in contrast with results
obtained with Rh4(CO);2 and RhH(CO)PPhg); as cata-
lyst. With Rhy(CO),2 as the catalyst, styrene reacted
more than twice as fast (124 x 103 [mol] [min]™! for
styrene vs 50.1 x 1073 [mol] [min]™! for oct-1-ene, 5.3
x 1072 mM Rhy(CO)1s, 75 °C, P = 130 bar).22 With the
triphenylphosphine-modified catalyst, styrene reacted
somewhat faster than the unsubstituted 1-alkenes as
hex-1-ene, hept-1-ene, and dodec-1-ené®k(styrene: 2.8
cycles/h vs hex-1-ene and hept-1-ene 2.3“asfrd dodec-1-
ene 2.0 cycles/h, 2.5 mM catalyst concentration, 1.0 M
substrate in benzene, 25 °C, 0.7 bar, CO/H; = 1)
although comparison were is difficult because of the
different kinetic expression found for this catalyst
system. The lower rate of the bulky phosphite catalyst
for styrene vs 1-octene cannot be assigned to the larger
phenyl substituent at the alkene, since the addition of
alkene to rhodium does not show up in the rate
equation; also in the report of Lazzaroni?? the rate of
styrene conversion is independent of the styrene con-
centration in the range of 0.4 to 2.4 mol dm™2 (180 bar,
90 °C, Rhy(CO)12 catalyst). It is also unlikely that the
hydrogenolysis reaction would strongly depend on the
nature of the organic fragment of the rhodium acyl
group (respectively 1-nonanoyl, 2-methyloctanoyl, 2-phe-
nylpropanoyl, 3-phenylpropanoyl), although a slightly
different rate (k7 and Kg) for the 2-phenylpropanoyl
might be expected. In the extreme situation, with
reaction 7 (Scheme 2) being rate-determining, the iso/
normal product distribution reflects the concentrations
of the iso and normal acyl species, which on their turn
are determined by the rates of the insertion reactions
(step 3, Scheme 2) leading to the iso and normal alkyl
species, provided that these reactions are irreversible.
Since the overall reaction rate is independent of styrene
concentration but lower than that of oct-1-ene, and since
the hydrogenolysis rate and Ks are expected to be of
similar magnitude, we conclude that the concentrations
of the acylrhodium species with styrene are lower than
those with oct-1-ene in the concentration regime studied
here. In other words, rhodium does not reside com-
pletely in the acyl stage (as it does with oct-1-ene), but
it does not reside in the hydride stage either (as it does
with cyclohexene or cyclooctene).!5 The product distri-
bution and its dependency on the CO pressure hint as
to the explanation of these phenomena.

Deuterioformylation of styrene at 60 °C2¢ has been
shown to involve an irreversible alkene insertion step.
The iso to normal ratio reported was 15 (180 bar). At
higher temperatures the iso/n ratio decreases (i/n = 5
at 90 °C, total pressure = 180 bar). The present
rhodium catalyst modified with a bulky phosphite gives
a lower iso/n ratio (10.6 at 51 °C, 2.1 at 90 °C, total
pressure = 22 bar). We presume that also in this
instance the styrene insertion is irreversible. The
isomer ratio reflects the preference of the styrene
insertion reaction, modified by small differences in the

(22) Heil, B.; Marké, M. Chem. Ber. 1969, 102, 2238.

(23) Lazzaroni, R.; Pertici, P.; Bertozzi, S.; Fabrizi, G. J. Mol. Catal.
1990, 58, 75.

(24) Ucello-Baretta, G.; Lazzaroni, R.; Settambolo, R.; Salvadori, P.
J. J. Organomet. Chem. 1991, 417, 111,
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Scheme 3. Possible Reactions for the
Styrene-Coordinated Rhodium Complex
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rate constants that may follow this step. For oct-1-ene
the ratio iso/n is 0.7, i.e. considerably lower than for
styrene. The strong preference of styrene to form the
branched alkyl species (1-phenylethyl, Scheme 3, 4)
must be related to the resonance-stabilized species
(Scheme 3, 5) suggested before in 1974 by Tanaka et
al.?5 and in 1983 by Tolman and Faller.?® These kinds
of benzyl complexes are known for rhodium?’ and
platinum.28 After the migratory insertion, a coordina-
tively and electronically unsaturated metal complex is
formed. For 1-phenylethyl, however, this unsaturation
is released by coordination in an n3-fashion (5). The
relative stability of this species is crucial in styrene
carbonylation and hydroformylation, e.g. insertion of
styrene into a palladium acetyl bond gives an 73-bonded
1-phenylethyl group.2? Depending upon the conditions
of the rhodium-catalyzed hydroformylation of styrene,
a substantial amount of the rhodium complex may
reside in this #3-1-phenylethyl state. When migratory
insertion of an alkene into rhodium hydride leads to an
n?-alkylrhodium species (1-octyl, 2-methylheptyl, 2-phe-
nylethyl, Scheme 3, 2), the vacant site will be occupied
by carbon monoxide or phosphine ligand with a high
rate; under these reaction conditions the insertion is
now irreversible and the regioselectivity of the reaction
has been determined. The #%-1-phenylethyl species
(Scheme 3, 5) remains in a state that may easily
undergo deinsertion.

Qjima?® presented a different explanation for the
higher selectivity toward the branched aldehyde. When
electron-withdrawing substituents are involved, the C,—
metal bond of a 77-olefin complex should be stronger than

(25) Tanaka, M.; Watanabe, Y.; Mitsudo, T.; Takegami, Y. Bull.
Chem. Soc. Jpn. 1974, 47(7), 1698.

(26) Tolman, C. A.; Faller, J. W. Homogeneous Catalysis with Metal
Phosphine Complexes; Pignolet, L. H., Ed.; Plenum Press: New York
and London, 1983; Chapter 2, pp 88—89.

(27) (a) Stithler, H.-O.; Pickardt, J. Z. Naturforsch., B 1981, 36, 315.
(b) Werner, H.; Feser, R. J. Organomet. Chem. 1982, 232, 351.

(28) Crascall, L. E,; Litster, S. A.; Redhouse, A. D.; Spencer, J. L. J.
Organomet. Chem. 1990, 394, C35.

(29) (a) Dekker, G. P. C. M,; Elsevier, C. J.; Vrieze, K.; Van Leeuwen,
P. W. N. M.; Roobeek, C. F. J. Organomet. Chem. 1992, 430, 357. (b)
Granberg, K. L.; Béckvall, J.-E. J. Am. Chem. Soc. 1992, 114, 6858.
(¢) Brookhart, M.; Rix, F. C.; De Simone, J. M.; Barborak, J. C.J. Am.
Chem. Soc. 1992, 114, 5894,

(30) Ojima, 1. Chem. Rev. 1988, 88, 1011.
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the Cs—metal bond, resulting in a preferred migration
of the hydride to the C; forming an isoalkyl metal
species. According to the author, the normal to branched
aldehyde ratio reflects the ratio of the isoacyl and n-acyl
metal species provided that the hydrogenolysis is not
rate-determining. If hydrogenolysis is the rate-deter-
mining step, isomerization of the acyl metal complexes
can occur, giving rise to an increased iso/n aldehyde
ratio.®® Although an (5%-1-phenylethyl)rhodium species
was never observed during a catalytic reaction, the
recent results of Lazzaroni about the extreme suscep-
tibility of the 1-phenylethyl intermediate toward S-hy-
dride elimination support the occurrence of the #3-1-
phenylethyl compound.

From the reaction data it becomes immediately clear
that more so than for oct-1-ene, the S-hydride elimina-
tion is a crucial step in determining the product
distribution. For styrene, however, the progress of this
reaction cannot be established by the presence of
isomerization products. As for oct-l-ene, S-hydride
elimination has a higher free energy of activation than
the hydrogenolysis reaction at the end of the hydro-
formylation cycle. As a result, the proportion of 3-hy-
dride elimination increases with temperature. The
branched alkyl species, in this instance 1-phenylethyl,
is more sensitive to elimination than the linear alkyl
species and hence the observed linearity of the product
increases, as was clearly pointed out by Lazzaroni.!9:20
The results with bulky phosphite rhodium catalysts fit
perfectly well with those obtained with rhodium carbo-
nyl catalysts, although the latter are slower.

the importance of intermediate 5 is also expressed in
the ratio of the formation of branched and linear
products as a function of Hy and CO pressures (Figure
4, Table 10). The first-order dependency of the rate of
formation of linear aldehyde (3-phenylpropanal) on Hj
pressure indicates that the hydrogenolysis of the acyl
complex (Scheme 2, step 7) is rate-determining. The
turnover frequency (TOF) to the branched aldehyde (2-
phenylpropanal) shows an observed reaction order in
H; slightly higher than 1. The reaction rates do not
exceed those of oct-1-ene. We explain this as follows.
The rate-determining step is again the hydrogenolysis
reaction (Scheme 2, step 7) but upon depletion of the
acyl species the branched one can be replenished at a
higher rate because of the reservoir of 5 and the fast
reaction 3 (Scheme 2) leading to 5. In other words the
ratio of the concentrations of the rhodium acyl and #3-
1-phenylethyl species changes with the syngas pressure,
and a rigid treatment with reaction 7 (Scheme 2) as
being rate-determining is no longer valid. The depen-
dency on CO pressure is more instructive. The rate of
formation of 3-phenylpropanal decreases proportionally
with the inverse of the CO pressure. Again this is the
same as found for the kinetics of the reaction of oct-1-
ene to nonanal. Interestingly, the rate of formation of
2-phenylpropanal increases when the CO pressure is
raised from 5 to 16 bar (pHz = 11 bar, 80 °C) and
decreases again when the pressure is raised from 16 to
33 bar (Figure 4). The initial increase is caused by the
conversion of § to the corresponding acyl species; a
higher concentration of the acyl species gives a higher
overall rate of reaction. When most of the rhodium rests
in the acyl state, a further increase of the CO pressure
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cannot lead to further acceleration, instead the “normal”
inhibition via equilibrium 6 becomes dominating.

The influence of the CO pressure on the rate of the
formation of the branched product clearly explains why
the product ratios in literature data of styrene hydro-
formylation depend so strongly on the pressure. If both
modes of styrene insertion are irreversible (low tem-
perature, high CO pressure, high ligand concentration),
the iso/n ratio is very high (10—25) (case 1). Conditions
can be set such that only the formation of the linear
(2-phenylethyl)rhodium complex is irreversible. Now,
kinetically, a highly linear product can be produced
(case 2). A third possibility arises when all reactions
1—6 are reversible and yet reaction 7 (Scheme 2) is rate-
determination. In this instance (case 3) the normal to
branched ratio is determined by the ratio of the con-
centrations of the equilibrated acyl species.

Looking at these mechanistic considerations, it is
clear that neither the kinetic expression for oct-1-ene
nor the expression for cyclohexene is suitable for the
styrene substrate. An analytic expression taking into
account all reactions describing these features would be
rather complicated.!®

Conclusions

In general, the tris(2-tert-butyl-4-methylphenyl) phos-
phite modified rhodium hydroformylation catalyst is an
excellent catalyst, particularly for unsubstituted alk-1-
enes, yielding high rates under mild conditions.

The catalyst system exhibits simple kinetics for oct-
1-ene and cyclohexene while those for styrene are more
complicated. The kinetics of oct-1-ene and cyclohexene
resemble those of the Rhy(CO);2 system as studied by
Marké and are clearly different from the triphenylphos-
phine-modified rhodium catalyst. the kinetics of oct-1-
ene are reduced to a simple equation by virtue of the
relative inertness of the isomerization product. Reac-
tion 3 of Scheme 2 is irreversible under the conditions
studied, while reaction 7 is rate-determining. As a
result the regioselectivity is determined in step 3, and
beyond this step no normal to iso equilibration takes
place.

For cyclohexene, the rate-limiting step lies at the
beginning of the cycle; the initial reaction of the alkene
with the rhodium hydride species is the slowest step.

For styrene, in contrast to oct-1-ene, f-hydride elimi-
nation has an important influence on the regioselectiv-
ity; the selectivity for the branched product increases
at lower temperatures and higher pressures.

Experimental Section

General Information., All preperations were carried out
under an atmosphere of nitrogen or argon by using standard
Schlenk techniques. Solvents were distilled from sodium/
benzophenone prior to use. Oct-l-ene was distilled from
sodium,; cyclohexene and styrene were percolated over neutral
alumina. Rh(CO).Acac was purchased from Johnson Matthey
and trimethyl phosphite from Aldrich and both were used as
received. Gas—liquid chromatography analyses were done
using a DB 5 column and a Carlo Erba GC 6000Vega series 2
chromatograph. NMR measurements were performed on a
Bruker AC 100 or AMX 300 spectrometer. Chemical shifts
are given in ppm using TMS or H;PO, as standard.

Hydroformylation studies were performed in a stainless
steel autoclave (181 mL) containing a glass beaker. The
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Figure 5. Dependency of the turnover frequency (TOF)
isomerization and regioselectivity on the stirring rate. ¢
= TOF(/1000 mol [mol Rh]™! h~!, x = % isomerization
products, O = n/i ratio. Conditions: T = 80 °C, Pys = Pco
= 10 bar, [Rh(CO)sAcac] = 0.1 mmol dm=3, [(2-tBu-4-
MeCgH,0);P] = 5 mmol dm~3, P/Rh = 50, [oct-1-ene] = 0.86
mol dm~3 in 20 mL of toluene.

autoclave is magnetically stirred and equipped with a reser-
voir, a pressure transducer, a thermocouple, and a sampling
device. The beaker was charged with the rhodium precursor
(Rh(CO)zAcac), the tris(2-tert-butyl-4-methylphenyl) phosphite,
and an internal standard (decane) and filled with toluene up
to 20 mL. The autoclave with the beaker was closed and
flushed several times with CO/H; and was brought under
pressure. After the catalyst solution was heated, the substrate
was charged to the reservoir and added to the reaction mixture
by overpressure. Upon this addition, the reaction started
immediately as was evidenced by a pressure drop and an
increase of the temperature. Attention was paid to the gas
consumption at 30% conversion; at the given alkene concen-
tration and gas volume, less than 10% of the gases was
consumed. During the reaction, a number of samples were
taken and immediately quenched (by P(OMe)s) so that a
catalytically inactive rhodium complex was formed. These
samples were analyzed by GC. The reaction rates for oct-1-
ene and styrene are represented by the turnover frequencies
(TOF), i.e. the total amount of formed aldehydes recalculated
to moles of aldehydes per mole of rhodium per hour. The
zeroth-order dependence of the reaction rate of the substrate
concentration allowed us to average the TOFs over the reaction
time. The tables were composed using samples with similar
conversions. For cyclohexene, a different order in the sub-
strate concentration was observed and the k, of the reaction
could be determined. During the reaction, several averaged
turnover frequencies were calculated from the observed de-
crease in CO/H; pressure. These data were used to obtain a
plot of the In (TOF) vs reaction time. Extrapolation of the
calculated line produced the & of the reaction.

To exclude a diffusion-limited reaction, we carried out
experiments in which we varied the stirring velocity. Figure
5 shows that at very low stirring speeds or with no stirring at
all, the reaction is diffusion-limited and at increasing velocity
the reaction rate eventually remains constant. Up to 100 rpm,
the turnover frequency deviates during the reaction, so average
values are presented here. Furthermore at low stirring rates
the isomerization rate is somewhat higher; at 100 rpm 10.8%
isomerized oct-1-ene is formed and from 900 rpm the amount
of isomerized oct-l-ene stays around 2%. Consequently the
percentage of linear aldehydes is somewhat lower at high
stirring rates (a very slight change was obtained; the n/i
decreased from 2.10 to 1.91). We worked at a stirring rate of
1100 rpm, situated in the adequate region. At the extremely
low rhodium concentrations applied and our standard reaction
conditions it is not likely that the reaction rate is limited by



Catalyst Comparison for Oct-1-ene, Cyclohexene, and Styrene

mass transfer. As we work with 2 ymol of rhodium precursor,
the overall gas consumption will be low in spite of the high
TOF’s.

Preparation of Tris(2-fert-butyl-4-methylphenyl) Phos-
phite. PCl; (10.1 g, 73.3 mmol) was added dropwise under
stirring at 70 °C to 48.15 g (293.1 mmol) of 2-tert-butyl-4-
methylphenol in 30 mL of toluene. When all PCl; was added,
the mixture was heated slowly (in 30 min) to 150 °C and stirred
at this temperature for 3 h. Meanwhile, the formed HCI was
removed several times by evacuating the mixture. After being
cooled to 70 °C, the mixture was again evacuated for 15 min.
The product was precipitated by addition of 100 mL of CHs-
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CN. The precipitate was filtered off and washed with 100 mL
of CH3CN. The product was purified by recrystallization from
toluene/CH;CN. Yield: 23.26 g (61%) of white crystals. 3P
NMR (CDClg): 6 131 ppm. 'H NMR (CDCl;): 6 1.4 ppm (s,
9H, tBu), 2.3 (s, 3H, Me), 7.1. (m, 3 H, aromatic). Mp: 111
°C.

Supplementary Material Available: Total derivation of
equations in ref 18 and the rate equations used (4 pages).
Ordering information is given on any current masthead page.
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Nucleophilic additions of methanolate and the acetylides PhC=C~ and ¢-BuC=C~ to the
cationic complex [CpFe(58-Cot)]*(1*) (Cot = cyclooctatetraene) exclusively occur on the Cot
ring in high yield. However, the new products are not stable with respect to molecular
fluxionalities. To establish the mechanism of the fluxional processes, different NMR
techniques were applied on CpFe(5%-CsHy) (3) and CpFe(5%-CsHsD) (8-d;). The monodeu-
terated complex 3-d; has been obtained in two ways: (i) by nucleophilic addition of D~ from
Li[BEt;D] to 1* and (ii) by deprotonation of 8 with Lin-Bu at —30 °C, forming the anionic
complex [CpFeCot]™ (4), and successive deuterolysis with MeOD. The addition of D* to 4,
as well as the addition of D™ to 17, initially yielded CpFe(?5-CgHg-1-ex0-D), although the
deuterium is later distributed over all positions of the cyclo-Csg ligand with the exception of
the endo-position. Various NMR studies demonstrate two different exchange processes: a
slow 1,3-metal shift, as shown by spin saturation transfer (SST) experiments, which leads
to an enantiotopomerization of 3, and a 1,4-hydrogen shift as an even slower process.

Introduction

The C—C bond formation reactions of coordinated
cyclooctatetraene (Cot) have become the focus of some
attention.! Recently, we were able to show that nucleo-
philic addition to coordinated Cot in the cationic complex
[CpFe(75-Cot)]* (1)1 is a new complementary way? in
which to introduce special functionalities to Cot in a
highly stereo- and regioselective manner. The nucleo-
philic addition products from malonate nucleophiles
seem to be inert with respect to intramolecular fluxional
processes, e.g., ring contractions or H-migrations.35
Further to our previous findings, we report herein new
results indicating two different intramolecular fluxional

" Dedicated to Prof. Dr. Dr. E. h. H. Sinn on the occasion of his 65th
birthday.

® Abstract published in Advance ACS Abstracts, November 1, 1994.
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processes with activation barriers dependent on the
substituent of the cyclo-Csg ligand.

Results and Discussion

Since we were interested in acetylenic and methoxy
substitution of the Cot ligand, we have chosen two
representative acetylides and methanolate as nucleo-
philes in reactions with 1*. As mentioned earlier,!d the
reactions (eq 1) occur almost quantitatively.

S <~ M
F® . WO _TH Fe
® Nu
Nu = C=C-CMe;, 2a
C=cC-Ph 2b
OMe 2¢

If the reaction products are isolated within 1 h, it is
possible to obtain the 'H-NMR spectra of 2a and 2c,
which show the formation of only one product.

The 'H-NMR spectra are in very good agreement with
those described recently for Nu = CH(CO2zR); (R = Me,
Et) and NMes.ld The two proton resonance signals
between 5.1 and 5.6 ppm correspond to the olefinic
protons belonging to the uncoordinated double bond of
the cyclo-Cg ligand. After three days, however, the 1H-
NMR spectrum of 2a changes dramatically, showing at
least four different products, which can be identified by
four Cp and ¢-Bu signals at ca. 4 and 1.2 ppm, respec-
tively. Warming up the NMR tube to 60 °C for 16 h

© 1995 American Chemical Society
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simplifies the 'H-NMR spectrum to a set of signals
indicating two different products with the ratio 2:1.
However, these products could not be isolated separately
by either fractional crystallization or column chroma-
tography. A similar fluxional behavior, within a shorter
period of time, is observed for 2¢ (Nu = OMe). The
phenylethynyl derivative 2b is even more labile, and
in contrast to 2a, the number of different products
caused by the fluxionality is even larger for 2b and 2c.

The molecular transformation in 2a—2c¢ is at variance
with our former results,!d and we have thus been forced
to investigate this behavior more thoroughly. We
decided therefore to study the stereochemistry in the
monodeuterated cyclooctatrienyl complex CpFe(#5-
CgHsD) (3-d1), which can be obtained from deuteride
addition to 1* similar to the synthesis of CpFe(»5-CsHo)
(3)M (eq 2).

(2)
,® Li[BEt;R] Fe

N

R
R

H: 3
D: 34,

Providing that the addition of D~ to the cyclooctatet-
raene ligand in 17 occurs stereo- and regioselectively,
as with normal nucleophilic additions to coordinated
olefinic ligands, only one signal should be observed in
a 2H-NMR spectrum. In the case of molecular trans-
formations in 3-d;, for each isomer, one singlet is to be
expected.

A monodeuterated derivative of 3 can also be prepared
by the deprotonation of 3 with Lin-Bu and subsequent
protolysis with MeOD (eq 3).

i MeQOD
re e forepioconf® T fe
@ "3 \
R )
3 3-4,

When the first (H-NMR spectra of 3-d; were obtained
from both synthetic routes (recorded within a few hours
after the reaction had been performed), a doublet of
multiplets of very low intensity at 6 = 1.78 ppm was
observed. This corresponds to a negligible number of
exo-protons of the Cg-ring ligand, as it is this position
that is occupied by the deuterium (Figure 1A). The
endo-proton only shows a broad multiplet, which gradu-
ally sharpens to reveal a doublet of multiplets. Mean-
while, the intensity of the signal belonging to the exo-
proton increases until it is eventually equal to that of
the endo-proton (Figure 1B—D).

Since no significant alteration of the other cyclo-Cs
proton signals could be observed, with the exception of
some changes in the splitting pattern, time-dependent
2H-NMR experiments were used to obtain a deeper
understanding of the mechanism of this molecular
rearrangement (Figure 2). As expected from ‘H-NMR
spectra, the signal of the exo-position can be recognized
immediately (Figure 2A), confirming the regioselective
addition of the proton (or deuteron) to the metallated
complex 4. After 24 h two peaks corresponding to

3
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Figure 1. Time-dependent 'H-NMR spectra of CpFe(z°-
CgHsD) (3-d1). (A) Recorded within 2 h after preparation.
(B) Recorded after 17 h. (C) Recorded after 23 h. (D)
Recorded after 1 week (200 MHz, CgDg).

positions 4 and 6 appear with similar intensities (Figure
2B). Furthermore, weak signals originating from posi-
tions 3 and 7 can be observed, which become stronger
after another day (Figure 2C). In spectrum D of Figure
2, the signals of positions 2 and 8 can be distinguished
and the intensity of the signal of position 5 at last
increases. Finally, the ZH-NMR spectrum of 8-d; shows
signals for all of the cyclo-Cg positions, though not for
the endo-position, which indicates an even distribution
of the deuterium atom over all cyclooctatrienyl positions
with the exception of the endo-position (Figure 2E). The
lack of any Cp signal in spectrum E proves that the
rearrangement strictly occurs within the Cg ligand.

The most surprising result that emerges from the 2H-
NMR spectra is the successive population in pairs of the
positions 4 and 6, 3 and 7, and 2 and 8, respectively, by
deuterium; this can best be explained by two different
molecular transformations occurring at different rates.
One dynamic process is an energetically degenerate 1,3-
metal shift (Scheme 1a) as indicated by spin saturation
transfer (SST) experiments. In an SST experiment, a
proton a is irradiated, and as a result, this proton will
transfer its spin information to the interchanging posi-
tion b. Consequently, the population difference between
the ground state and the excited state will be dimin-
ished for b, revealing a reduced intensity of the reso-
nance signal of proton b, too. Hence, after subtracting
a normal 'H-NMR spectrum, used as a reference (Figure
3A), from the SST spectrum, a difference 'H-NMR
spectrum is thus obtained. This shows a strong nega-
tive signal for the irradiated proton a and a smaller
negative one for proton b, whereas all other signal
intensities have to be zero. Compared to the SST
spectra of 3, however, some signals are left with positive
intensities as in Figure 3.

These are caused by nuclear Overhauser effects
(NOEs) which stem from dipolar interactions between
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(A)

(B)

I
(C)
(D)
CeDe 8
MUM ©
8 ' 6 a ' 2 ppm

Figure 2. Time-dependent 2H-NMR spectra of CpFe(75-
CsHsD) (3-dy). (A) Recorded within 3 h after preparation.
(B) Recorded after 1 day. (C) Recorded after 2 days. (D)
Recorded after 4 days (360 MHz, proton decoupled, C¢Dsg).
(E) Recorded after 1 week (200 MHz, not proton decoupled;
note line width of signal 6 < 2 ppm, CeDe).

Scheme 1
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vicinal protons, thereby giving rise to positive resonance
signals. Hence, the irradiation of proton 7, for example,
reveals a negative signal for the interchanging proton
3 in the difference spectrum caused by SST (Figure 3,
spectrum B), whereas protons 6 and 8 show positive
signals caused by NOEs. The chosen timing of the
experiment does not allow one to observe the NOE
effects on the “new” position, however, because it has
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Figure 3. 'H-NMR spectra of CpFe(n5-CsHg) (8). (A)
Normal H-NMR spectrum of 3 as reference (S = C¢D5sH).
(B—F) Spectra obtained by means of spin saturation
transfer experiments. Irradiated protons are marked
Irrad. NOE denotes the nuclear Overhauser enhancement.
SST denotes the signals of the protons suffering spin
saturation transfer. The ideograms elucidate the interac-
tion pattern.

still not built up in any reasonable amount. Compa-
rable intensity alterations can be seen for the other
irradiation experiments depicted in Figure 3. For every
difference spectrum, the SST and NOE interactions are
depicted in the ideograms of Figure 3 as well as the
signs () of the signals. From these spectra the inter-
conversion of protons 2 and 8, 3 and 7, and 4 and 6,
respectively, can be clearly deduced, yielding the enan-
tiomer of 3 by means of a 1,3-metal shift. Since this
enantiotopomerization is slow, with respect to the NMR
time scale, it becomes obvious that no indication of this
process has been observed before. However, a 1,3-metal
shift is not uncommon for #5-cyclooctatrienyl® and #°-
cycloheptatrienyl complexes,” although for 8 a complete
circulation of the metal center is hindered by the
interruption of the conjugation of the cyclo-Cg ligand in
position 1. Hence, a “twitching” motion will only occur
in 3, the activation barrier of which has to be consider-
ably higher (AG* > 71 kJ/mol) than that for the valence
isoelectronic complex Mn(CO)s(55-CgHp) (5) (AG* = 52.7
kJ/mol).® The higher activation barrier of metallotropic
shifts in the cyclopentadienyl complex 3, compared to
the tricarbonyl complex 5, parallels the results obtained

(7) Alibrandi, G.; Mann, B. E. J. Chem. Soc., Dalton Trans. 1992,
1439. Hails, M. J.; Mann, B. E.; Spencer, C. M. J. Chem. Soc., Dalton
Trans. 1985, 693.
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Scheme 2
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for the cyclooctatetraene compounds Cr(CO)s(#8-Cot),?
CrCp(#8-Cot),? and [FeCp(5%-Cot)]*.10

The second dynamic process in 3 has to be distinctly
slower than the 1,3-metal shift; otherwise additional
SST and NOE signals would have to have been recorded.
The slower dynamic process is assumed to be a metal-
mediated 1,4-shift of the endo-proton (Scheme 1) similar
to the 1,5-shift discussed for (y5-cycloheptatriene)-
(tricarbonyl)chromium.!! In analogy to other hydrogen
shifts in organometallic complexes,!? the 1,4-hydrogen
migration may be initiated by the dechelation of the

(8) Lawless, M. S.; Marynick, D. S. J. Am. Chem. Soc. 1991, 113,
7513 and references cited therein.

(9) Heck, J.; Rist, G. J. Organomet. Chem. 1988, 342, 45.

(10) Reger, D. L.; Colemann, C. J. Organomet. Chem. 1977, 131,
153.

(11) Foreman, M, I.; Knox, G. R.; Pauson, P. L.; Todd, K. H.; Watts,
W.E.J. Chem. Soc., Perkin Trans.2 1972, 1141. Roth, W. R.; Grimme,
W. Tetrahedron Lett. 1966, 2347.

(12) Karel, K. J.; Brookhart, M.; Aumann, R. J. Am. Chem. Soc.
1981, 103, 2695.

8
3G Y g
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° * " (o)
H 3
H1H 5 7 W32
2-D 8-o

3
4 . [ 8
5 H )3—shif H
D 1T =—]m)™p 1
H ) 5 H
6 8 4 2

terminal double bond, which is in conjugation with the
free double bond of the n5-cyclooctatrienyl unit, to
generate an unsaturated 16 valence electron (ve) 73-
cyclooctatrienyl complex (Scheme 1b). Then C—H ac-
tivation takes place on C1 to form the 18 ve hydride
intermediate (Scheme 1c), which is able to transfer the
hydride either to position 1 to reveal the starting
complex or to position 4 to create the 4-D derivative
(Scheme 1d). A subsequent 1,3-shift places the deute-
rium atom in position 6 (Scheme 2, equilibrium c).
From the 6-D derivative, the 7-D compound is formed
by the metal-mediated 1,4-shift of the endo-proton
(Scheme 2, equilibrium d), with the ensuing degenerate
1,3-shift revealing the 3-D product (Scheme 2, equilib-
rium e). After this procedure, all of the positions of the
cyclooctatrienyl ligand are deuterated in the sequence
which was elucidated from the 2H-NMR spectra (see
Scheme 2, equilibria f—i).

From these intramolecular rearrangements it is clear
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that, in principle, eight different isomers can be formed
upon nucleophilic addition to 1*. The absence!d or
formation of different isomers is apparently controlled
by the electronic behavior of the added nucleophiles and
seems to be restricted only to iron compounds. The
corresponding Ru complexes give no indications for
comparable fluxional processes under the described
conditions.!® Some efforts are still necessary to isolate
different isomers of cyclooctatrienyl complexes, e.g., of
2a, in order to confirm that the rearrangements dis-
cussed above are the reason for their formation.

The strict intramolecular 1,4-hydrogen shift in 3 is
in accordance with the proposed hydrogen shift in CpV-
(n7-CgHg);1* however, it disagrees with Cp*ZrCsHg-d;
wherein a complete (statistical) distribution of the
deuterium atom is found over all cyclo-Cs positions
including the endo- and exo-positions.18

Experimental Section

All manipulations were performed under nitrogen with
thoroughly dried solvents. Standard 'H-NMR spectra were
recorded on a VARIAN Gemini 200 BB spectrometer, while
the 2H-NMR spectra were recorded in 10-mm tubes with the
broad-band equipment of a BRUKER-AM-360 spectrometer.
The initial assighment of the 'H-NMR signals has been
performed by means of chemical arguments: the addition of
nucleophiles to coordinated -ene and -enyl ligands (e.g., D~
from Li[BEt;D]; see eq 1) exclusively occurs in exo-position
with respect to the metal center. Therefore, the signal of the
exo-proton is easily found by comparison of the spectra of 3
and 3-d;, when the NMR sample of 3-d; has freshly been
prepared. The assignment of the remaining !H-resonance
signals via standard 'H-COSY is straightforward. The SST
experiments are performed on the AM-360 using the standard
NOE-difference procedure with relaxation delay and mixing
times of 0.5 s. Differences were calculated to reference spectra
with an irradiation frequency close to the on-resonance
frequencies. All spectra were recorded at room temperature.
[CpFe(#5-Cot)IPF (1) has been prepared according to reference
16. The Li salts Li{C=C¢-Bu] and Li[C=CPh] were obtained
as solids from reactions of the corresponding acetylenes with
Lin-Bu in hexane.

Preparation of CpFe(5-CsHs-1-exo-C=Ct¢-Bu) (2a).
Twenty-five milliliters of a THF solution containing 3.07 mmol
of LiC=C¢-Bu are added dropwise to a cooled, stirred suspen-
sion (T = —78 °C) of 1.07 g (2.8 mmol) of 1 in 40 mL of THF.
The orange-colored suspension immediately changes to a clear
solution, which is allowed to warm up to room temperature.
The solvent is removed in vacuo, and the oily residue is
extracted with hexane. Crystalline product can be obtained
from pentane solution at —78 °C. Yield: 0.85 g (98% based
on1). EI-MS: m/e 306 (18) [M*], 291 (9) [M* — Me], 249 (100)
[M* — tBu), 240 (44) [M* — Cs;Hgl, 199 (23) [CpFeCeHgl*, 184
(16), 162 (14), 128 (12), 121 (80), 56 (48). IR (KBr, hexane),
em™: 1648 m (uncoordinated C=C of the Cs-ring). 'H-NMR
(obtained within 30 min after isolation, CgDs, TMS, 200
MHz): 6 5.55 (dd, 1H, uncoordinated C=C of the Cs-ring), 5.25
(dd, 1H, uncoordinated C=C of the Cg-ring bond), 4.65 (dd,

(13) Lange, G. Diplomarbeit, Universitit Hamburg, 1993. Heck, J.;
Lange, G. Manuscript in preparation.

(14) Bachmann, B.; Heck, J. Organometallics 1991, 5, 1373.

(15) Teuben, J. H.; Sinnema, P.-J. Personal communication.

(16) Heck, J.; Massa, W. J. Organomet. Chem. 1989, 376, C15.
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1H, Cg-ring), 3.90 (m, 2H, Cs-ring), 3.75 (s, 5H, Cp), 2.90 (t,
1H, Cs-ring), 2.75 (t, 1H, Cs-ring), 1.05 (s, 9H, ¢-Bu). Anal.
Caled for CigHzFe (M = 306.21): C, 74.52; H, 7.24. Found:
C, 73.83; H, 7.24.

Preparation of CpFeC(55-CsHsC=CPh) (2b). The reac-
tion is performed identically to the synthesis of 2a with 1.3 g
(3.5 mmol) of 1 in 40 mL of THF and with 3.7 mmol of
LiC=CPh dissolved in 20 mL of THF. Extraction of the dry
reaction residue in hexane yields 1.09 g (96%) of 2b. The 'H-
NMR spectrum obtained within 30 min after isolation already
reveals signals of different compounds (CeDs, TMS, 200
MHz): 6.9, 7.3, 7.5 (m, 5H, phenyl group), 5.3—5.6 (m, 2H,
uncoordinated C=C bond of the Cg-ring), 3.9—4.7 (m, 5H, Cs-
ring), 3.78 and 3.9 (s, 5H, Cp ligand), 2.7-2.9 (m, 1H, Cs-ring).

Preparation of CpFe(n5-CsHs-1-exo-OMe) (2¢). A THF
solution (0.63 mL) containing 0.87 mmol of NaOMe is added
dropwise to a stirred suspension of 0.31 g (0.83 mmol) of 1.
After 5 min, a clear red solution is obtained, which is dried in
vacuo. The residue is extracted with 15 mL of hexane. The
hexane is removed, and the dark red oily residue is thoroughly
dried in vacuo, during which it becomes crystalline. Yield: 186
mg (88%). EI-MS: m/e 256 (18) [M*], 241 (5) [M* — Me], 225
(20) [M*+ — OMe], 199 (7), 186 (25) [FeCps-+], 160 (12), 152 (30),
134 (17), 121 (75) [FeCp™*], 104 (52), 91 (100), 78 (68), 65 (79),
56 (86). IR (KBr, nujol), cm™!: 1656 w (uncoordinated C=C
of the Cg-ring), 1151 m (C—0~Me). 'H-NMR (C¢Dsg, TMS, 200
MHz): 6 5.4 (dd, 1H, uncoordinated C=C of the Cs-ring) 5.1
(dd, 1H, uncoordinated C=C of the Cs-ring), 3.9 (m, 2H, Cs-
ring), 3.78 (s, 5H, Cp), 3.3 (m, 1H, Cs-ring). Anal. Calcd for
C14H16FeO M = 256.11): C, 65.65; H, 6.25. Found: C, 65.0;
H, 6.3.

Preparation of CpFe(55-CsHgD) (3-d;). (a) Via Nucleo-
philic Addition. The reaction is performed in strict analogy
to the synthesis of 3.1¢ Li[BEt;D] (1.5 mL; 1.0 M in THF) is
added to a cooled, stirred suspension (—78 °C) of 0.52 g (1.4
mmol) of 1 in 10 mL of THF. The mixture is allowed to warm
to room temperature. After 45 min of stirring, the reaction
mixture is evaporated to dryness and the residue is extracted
with pentane. The pentane extract is reduced in volume until
precipitation occurs. Storage at —30 °C for 3 days yields 0.23
g (71%) 3-d, as orange-red crystals.

(b) Via Deprotonation and Addition of D*. Lin-Bu (0.4
mL; 1.6 in hexane) is added to a cooled solution (~30 °C) of
0.14 g (0.6 mmol) of CpFe(5%-CsHy) (8) in 10 mL of THF. The
color of the solution immediately changes from orange-red to
deep green. After 15 min of stirring, 25 uL of the MeOD is
added, yielding an orange-red solution. The reaction mixture
is then evaporated to dryness, and the residue is extracted
with hexane. The hexane is removed to yield 0.13 g (93%) of
3-d;. 'H-NMR.: see Figure 1 and reference 1d. EI-MS: m/e
(% of 3-d;) [% of 3] 228 (15) [—], 227 (90) [5], 226 (80) [100],
225 (42) [71], 224 (14) [27], 223 (4) [3], 200 (15) [2], 199 (28)
[15], 198 (10) (11], 197 (2) [1], 162 (50) [5], 160 (32) [621, 159
(15) [2], 158 (13) [19], 135 (26) [5], 134 (30) [35], 133 (4) [2],
122 (42) [25], 121 (70) [48], 56 (100) [76].
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Characterization of mer,mer-{Cr(CO)3(n2-dpe)}2(u-dpe)
(dpe = PhoPCH;CH:PPh;) and an Investigation of Its
Chemical, Redox, and Photochemical Reactivity

Alan M. Bond,” Ray Colton,” John B. Cooper,! Katherine McGregor,2
Jacky N. Walter, and David M. Way

School of Chemistry, La Trobe University, Bundoora, Victoria 3083, Australia
Received May 25, 1994%

Reaction of (C;Hs)Cr(CO); with dpe (dpe = PhyPCH;CH;PPhs) in refluxing hexane gives
mer,mer-{Cr(CO)s(n*-dpe)}2(u-dpe) instead of the expected mer-Cr(CO)3(n'-dpe)(n?-dpe). The
dinuclear species has been characterized by ¥'P NMR and IR spectroscopies, elemental
analysis, and voltammetry which shows two closely spaced reversible one-electron oxidation
processes at about 75 and 225 mV vs Ag/AgCl due to the reactions {Cr(CO);(n2-dpe)}a(u-
dpe) = [{Cr(CO)s(n?-dpe)}o(u-dpe)]™ + e~ and [{Cr(CO)s(n?-dpe)}o(u-dpe)]™ == [{Cr(CO)3(n>-
dpe)}2(u-dpe)** + e~. On the synthetic time scale at —78 °C the mer,mer-[{Cr(CO)s(n?-
dpe)}a(u-dpe)]t cation is moderately stable whereas the mer,mer-{{Cr(CO)s(n2-dpe)}2(u-dpe) 2+
cation is completely unstable. The decomposition reactions of mer,mer-{Cr(CO)s(n2-dpe)}s-
(u-dpe) have been studied in the dark and in the presence of light to give novel and
distinctively different decomposition pathways. In the light, photochemical oxidation of mer,-
mer-{Cr(CO)s(n?-dpe)}s(u-dpe) occurs to generate mer,mer-[{Cr(CO)s(n?-dpe)}2(u-dpe)]*, which
then decomposes to give several products, among which mer-[Cr(CO)s(5-dpe)(>-dpe)l*, trans-
[Cr(CO)sx(dpe)z]t, and Cr(CO)4(dpe) have been identified. In the dark, mer-Cr(CO)s(»*-dpe)-
(n?-dpe) is a decomposition product. In the presence of an external oxidant such as NO* or
an electrode, mer-[Cr(CO)s3(n'-dpe}n?-dpe)]* is a product. Evidence for these products is

49

gained by voltammetric and spectroscopic studies.

Introduction

Photochemical and electrochemical studies of mono-
meric 18-electron metal carbonyl species are extensive.3~5
In general, oxidation or reduction by one electron leads
to reactive species which undergo a wide range of
subsequent reactions.*5

Recently, there has been considerable interest in the
redox and photochemistry of dinuclear species, particu-
larly because of the possibilities of electronic com-
munication between the metal centers. In the specific
case of dinuclear chromium carbonyl derivatives linked
by diphosphine or other ligands, Geiger® and Shaw” and
their co-workers have investigated electrochemical oxi-
dations and observed two distinct one-electron steps,
which suggests some electronic interaction between the
metal centers. Photochemical studies on this class of
chromium compound do not appear to have been inves-
tigated, although photochemical and optical studies

® Abstract published in Advance ACS Abstracts, October 1, 1994.
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have been reported, for example, on some diphosphine-
bridged dinuclear ruthenium and esmium compounds.?®

Typically, interaction of M(CO)3(C7Hg) (M = Cr, Mo,
W) with 2 molar equiv of L-L (L-L = potentially
bidentate group 15 ligand) leads to the formation of
compounds of the type M(CO)s(n1-L-L)#72-L-L).1%11 When
the reaction is carried out at room temperature, the
facial isomer of M(CO)3(5!-L-L)(#2-L-L) is usually ob-
tained, and at ~80 °C the meridional isomer is often
formed. These geometries can be readily distinguished
by infrared (IR) and 3P nuclear magnetic resonance
(NMR) spectroscopies. However, in the specific case of
M = Cr and L-L = dpe (dpe = PhyPCH;CH3PPh,), the
system is unusual in that attempts to prepare the mer
isomer as described above yielded instead a species
which is shown in this paper to be the dinuclear complex
mer,mer-{Cr(CO)3(n2-dpe)}2(u-dpe). Mer-Cr(CO)3(n!-
dpe)(72-dpe) may be prepared in solution!! by an elec-
trochemical oxidation-reduction sequence involving oxi-
dation of fac-Cr(CO)s(yl-dpe)n2-dpe) to give fac-[Cr-
(CO)3(nt-dpe)(n2-dpe)l* which rapidly isomerizes to mer-
[Cr(CO)s(n'-dpe)(n2-dpe)l*, followed by subsequent elec-
trochemical reduction to give the required mer-Cr(CO);-
(pt-dpe)(n72-dpe). A more elegant solution synthesis!!
utilizes a catalytic cycle involving the same redox
reactions, but which is initiated by addition of a small
amount of oxidant such as NOBF4 to fac-Cr(CO)s(n!-
dpe)(n2-dpe).
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J. Am. Chem. Soc. 1988, 105, 4303.

(10) Isaacs, E. E.; Graham, W. A. G. Inorg. Chem. 19758, 14, 2560.

(11) Bond, A. M.; Colton, R.; McGregor, K. Inorg. Chem. 1986, 25,
2378.
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During the course of the present studies which led to
the characterization of the structure of mer,mer-{Cr-
(CO)3(n2-dpe)}olu-dpe), photoactivity in sunlight, as well
as a much higher degree of chemical reactivity than
found with the stable, well characterized monomeric fac-
Cr(CO)3(n'-dpe)#n2-dpe) complex, was noted. Conse-
quently, detailed studies of the products formed in
dichloromethane solutions of mer,mer-{Cr(CO)s(n2-dpe)}2-
(#-dpe) both in the dark and after exposure to light were
undertaken. The products of electrochemical and chemi-
cal oxidation of mer,mer-{Cr(CO)s(n2-dpe)}s(u-dpe) in
dichloromethane solution also were studied. The present
paper, therefore, in addition to describing the synthesis
and structural characterization of a new form of a
chromium carbonyl—dpe complex, contains a report of
the unusual reactivity which is introduced by structural
factors related to having an uncommon dinuclear rather
than the usual monomeric structure.

Experimental Section

Materials. All solvents used were of AR-grade purity.
Tetrabutylammonium hexafluorophosphate used as one of the
supporting electrolytes in the voltammetric studies was pre-
pared by the method of Swain et al.’? Other electrolytes,
tetrabutylammonium tetrafluoroborate and tetrabutylammeo-
nium perchlorate (GFS Chemicals) and NOPFs (Aldrich), used
in chemical oxidation studies were used as supplied by the
manufacturers. Cr(CO)s and dpe (Strem) also were used as
purchased.

Preparations. The dinuclear species mer,mer-{Cr(CO)s-
(y%-dpe)}2(u-dpe) was prepared by the interaction of Cr(CO)s-
(CsHg) and dpe (1:2) in refluxing hexane for 4.5 h. Anal.
Found (CMAS, Geelong, Australia): C, 68.71; H, 5.13. Reqd
for mer,mer-{Cr(CO)s(5%-dpe)}(u-dpe): C, 68.8; H, 4.9. IR
absorptions (carbonyl region): 1950, 1850, and 1834 cm™1. 31P
NMR: 6 92.7, 74.8, 67.0. cis-1%8 and trans-Cr(CO)q(dpe)s, %
mer-Cr(CO)3(n*-dpe)(n®-dpe),** and trans-[Cr(CO)y(dpe)s]™ 14
used in studies to characterize the reactions of the dinuclear
complex were prepared by literature methods.

Instrumentation. P NMR spectra were recorded on
either a JEOL FX 100 (CH.Cl;, external Li lock) or a Bruker
AM 300 (CDCl;, internal 2D lock) spectrometer at 40.32 or
121.5 MHz, respectively. Chemical shifts were referenced
against external 85% H3PO, and the high frequency positive
sign convention is used in reporting the data. ESR spectra
were recorded using a Varian E-9 spectrometer at room
temperature in either the solid state or in dichloromethane
solution. IR spectra in the carbonyl region were recorded in
dichloromethane solution on either a Perkin-Elmer FT-IR 1720
X or a JASCO A-302 spectrophotometer, with spectra on the
latter instrument being calibrated against polystyrene (1601
cm™1).

All UV irradiation experiments were conducted in a 1.5 cm
radius Pyrex test tube in dichloromethane solution at room
temperature using a 125 W Hg lamp.

Cyclic voltammograms in dichloromethane were obtained
with a Cypress System Model CYSY-1 computer-controlled
electrochemical system. For studies with electrolyte, a con-
ventional 0.5 mm radius platinum disk working electrode, a
platinum wire auxiliary electrode, and a Ag/AgCl (satd. LiCl
in CH,Cly) reference electrode were used. Voltammetric data
without electrolyte were obtained with a 5 ym radius platinum
disk microelectrode. The same auxiliary and reference elec-
trodes were used as in conventional studies with electrolyte.

(12) Swain, C. G.; Ohno, A.; Roe, D. K.; Brown, R.; Maugh, T. IL. J.
Am Chem. Soc. 1967, 89, 2648.

(13) (a) Chatt, J.; Watson, H. R. J. Chem. Soc. 1961, 4980. (b) Bond,
A. M,; Colton, R.; Jackowski, J. J. Inorg. Chem. 1975, 14, 274.

(14) Crossing, P. F.; Snow, M. R. J. Chem. Soc. A 1971, 610,
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Figure 1. 3P NMR spectra at room temperature of a

dichloromethane solution of mer,mer-{Cr(CO)s(n?-dpe)}s-
(u-dpe).

Bulk electrolysis experiments were undertaken with either a
PAR Model 273 potentiostat or a BAS 100A electrochemical
analyzer using a large platinum basket working electrode and
a platinum gauze auxiliary electrode separated from the test
solution by a salt bridge and the same reference electrode as
used in voltammetric studies.

Results and Discussion

Characterization of mer,mer-{Cr(CO)3(n%-dpe)}2-
(u-dpe). When Cr(CO)s(C7Hs) and dpe (1:2) are reacted
in refluxing hexane for 4.5 h a yellow precipitate is
formed. When dissolved in dichloromethane, the IR
spectrum in the carbonyl region contains bands at 1950,
1850, and 1834 ¢cm™! which are very similar to those
found for mer-Cr(CO)3(!-dpe)(52-dpe)l! and are typical
of a meridional isomer. The 3P NMR spectrum?!! of
mer-Cr(CO)s(n!-dpe)n?-dpe), prepared in dichloromethane
by the electrochemical sequence described in the Intro-
duction, displays four 3P resonances of equal intensities
at 6 92.6, 74.4, 66.8, and —13.2 with the appropriate
coupling constants expected for the mer isomer,!! with
the signal at lowest frequency being due to the pendant
phosphorus whose chemical shift is the same as for free
dpe, but it appears as a doublet due to phosphorus—
phosphorus coupling.!! The 3P NMR spectrum (Figure
1) of the new chromium carbony! compound gives
resonances at é 92.7, 74.8, and 67.0, almost identical
chemical shifts to those for mer-Cr(CO)s(nl-dpe)(n2-dpe),
but phosphorus—phosphorus coupling is not resolved.
The resonance at 6 —13.2 due to the pendant phospho-
rus in mer-Cr(CO)s(ni-dpe)(n2-dpe) is absent in the
spectrum for the new compound. Thus the IR and NMR
spectra both indicate that the environments of all the
donor atoms bonded to chromium are essentially the
same in both compounds. 3P NMR and IR spectral data
are summarized in Table 1. The only stereochemistry
consistent with all the data is mer,mer-{Cr(CO)a(r?-
dpe)}a(u-dpe) as represented in structure I. Analytical
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Table 1. IR (Carbonyl Region) and 3P NMR Data for mer,mer-{Cr(CO)s(5?-dpe)}(u-dpe) and Its Possible Decomposition

Products
dinucl® dinucl® (after irrad) Cr(CO)s(dpe)s? Cr(CO)4(dpe) [Cr(CO)(dpe)2]™ dpe dpeO,
IR 2009 2009
1950 1950 1955
1912 1914
1900 1899
1877 1877
1850 1850 1850 1850
1834 1834 1830
31pd 92.7 92.9 92.6
78.6 79.4
74.8 74.8 74.4
67.0 66.9 66.8
31.1 31.1
—-13.0 -13.2 —-13.3

¢ Dinucl = mer,mer-{Cr(CO)3(i>-dpe)}2(u-dpe). ¥ Cr(CO)s(dpe)s = mer-Cr(CO)s(n'-dpe)(n-dpe). ccm™L. 4 4.

L5uA
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Figure 2. Cyclic voltammograms at 22 °C for the oxidation
of 5 x 1074 M mer,mer-{Cr(CO)s(n?-dpe)}2(u-dpe) in dichlo-
romethane (0.1 M BusNPF¢) at a 0.5 mm radius Pt disk
electrode at a scan rate of 100 mV s~1.

data are also consistent with this formulation. We have
recently characterized!® by X-ray crystallography a
related dinuclear molybdenum complex, fac,fac-{Mo-
(CO)n2-ape)}o(u-ape) (ape = PhoAsCH,CHyPPhy), which
was also prepared by the M(CO)3(C7Hg) method.
Voltammetric Studies in Dichloromethane. In
keeping with the proposed dinuclear structure, the cyclic
voltammogram of the yellow product dissolved in dichlo-
romethane (0.1 M BusNPF¢) shows two closely spaced
chemically reversible one-electron redox couples (Figure
2) with E™y» values (reversible halfwave potentials) at
75 and 225 mV vs Ag/AgCl, which formally corresponds
to the consecutive oxidation of the two zero valent
chromium centers to the chromium(I) oxidation state.
This is in contrast to the monomeric mer-Cr(CO)s(n!-
dpe)(n?-dpe) which shows a single oxidation response
with an Efy; value of 155 mV vs Ag/AgCl. The revers-
ible potentials were calculated from the average of the
oxidation and reduction potentials from the cyclic vol-
tammograms. The 150 mV separation between the two
redox couples for the dimer suggests some degree of
interaction between the two metal centers. Similar
separations have been observed previously®282 for dpm-
bridged dimers (dpm = PhyPCHyPPhg). Shaw and co-
workers’ also have reported analogous data for bime-
tallic compounds of the type cis,cis-{M'(CO)4(u-dpe)s-
M”(CO)4} M, M” = Cr, Mo, W) and for the correspond-
ing monomeric species M(CO)4(dpe). At more positive
potentials, an irreversible two-electron oxidation process

is observed for mer,mer-{Cr(CO)s(n2-dpe)}2(u-dpe) (peak
potential at 1390 mV vs Ag/AgCl for a scan rate of 100
mV s71) which corresponds to a second oxidation of the
chromium centers. This potential may be compared to
that of the second oxidation of the meridional monomer
mer-Cr(CO)s(nl-dpe)(n®-dpe) (1240 mV vs Ag/AgCl).
Data in dichloromethane with 0.1 M Buy/NBF, and Buy-
NCIlOy as the electrolyte are very similar to that found
with 0.1 M BusNPFg. The voltammetry in dichlo-
romethane in the dark is therefore summarized by eqs
1-3

mer,mer-{Cr(CO)3(n?-dpe)}z(u-dpe)

mer,mer-{Cr{CO)3(n>dpe)}o(u-dpe)l* + e~ (1)

mer,mer-[{Cr(CO)s(n?-dpe)}(u-dpe)]*

mer,mer-{Cr(CO)3(n?dpe)}z(u-dpe)2* + e~ (2)

mer,mer-{{Cr(CO)s(n2- dpe)}z(u-dpe) 2+ =—=
mer,mer-[{Cr(CO)3(n?-dpe))z(u-dpe)l** + 2e~ (3) |

fast

products

where mer,mer-[{Cr(CO)s(7%-dpe)}2(u-dpe)** is probably
an intermediate in eq 3, but mechanistic details of this
irreversible overall two-electron step are unknown.
Steady-state voltammograms obtained at a 5 um
radius Pt disk microelectrode over the restricted range
—200 mV to +800 mV, to cover the initial two one-
electron oxidations, are shown in Figure 3. The process
described for the cyclic voltammograms at higher pos-
tive potential is also observed with the microdisk
electrode, but this process is not relevant to this
discussion. In the presence of electrolyte (Figure 3a),
two processes of equal limiting currents are observed
with ETys values of 75 and 225 mV vs Ag/AgCl. These
values and their separation are the same as those
observed in cyclic voltammetry using a conventional
electrode. Interestingly, in the absence of electrolyte
(Figure 3b) the ratio of the currents for the two
processes alters dramatically. Presumably, the charged
one-electron-oxidized species mer,mer-[{Cr(CO)s(2-
dpe)}a(u-dpe)]™ migrates from the positively charged
electrode which causes the current response for the
second process to decrease in height (see for example
refs 16—19). Oxidation of the neutral dinuclear species

(15) Abrahams, B. F.; Colton, R.; Hoskins, B. F., McGregor, K. Aust.
J. Chem. 1992, 45, 941.

(16) Cooper, J. B.; Bond, A. M. J. Electroanal. Chem. Interfacial
Electrochem. 1992, 315, 143,
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Figure 3. Steady-state microdisk electrode voltammo-
grams at 22 °C for the oxidation of 5 x 10~¢ M mer,mer-
{Cr(CO)s(n2-dpe)}a(u-dpe) in dichloromethane (a) with 0.1
M BuNPF; as supporting electrolyte and (b) without
deliberately added electrolyte. Voltammograms recorded
at a 5 um radius Pt microdisk electrode, scan rate 30 mV
g1

to the corresponding monocation should of course not
be altered by migration under steady state conditions,
and this is observed (Figure 3). The reaction in eq 4
also may be important?° in the absence of electrolyte.

mer,mer-[{Cr(CO)3(772-dpe)}2(/4-dpe)]2+ +
mer,mer-{Cr(CO)3(772-dpe)}2(/A-dpe) -
2mer,mer-[{Cr(CO),(r*-dpe)},(u-dpe)]* (4)

The more positive half wave potentials observed in the
absence of any electrolyte is attributed predominantly
to Ohmic (iR) drop.

Controlled potential oxidative electrolysis of mer,mer-
{Cr(CO)s(n%-dpe)}2(u-dpe) was performed at a large
platinum gauze basket electrode with the potential held
between the first and second oxidation processes, or at
a potential more positive than the second process. The
progress of the experiment was monitored by steady-
state microelectrode voltammetry and the data indi-
cated that neither the dinuclear monocation nor dication
are stable on the bulk electrolysis (synthetic) time scale
at room temperature. If the dinuclear monocation had
been stable, then after completion of a one-electron
reversible oxidation the zero of current would lie
between the two original processes. In fact, both one-
electron processes disappear and are replaced by a
number of other processes which included reversible
reduction and oxidation processes assigned to formation
of trans-[Cr(CO)q(dpe)2]™ (see later). The presence of
paramagnetic trans-[Cr(CO)o(dpe)e]* was confirmed by
subsequent observation of its characteristic 1:4:6:4:1
ESR signal?! (also see later).

Microelectrode steady-state voltammetric monitoring
of the oxidation of mer,mer-{Cr(CO)s(n?-dpe)}2(u-dpe) in
dichloromethane with NOPFg at 0 °C in the dark was
consistent with the bulk electrolysis data in that no

(17) Cooper, J. B.; Bond, A. M.; Oldham, K. B. J. Electroanal. Chem.
Interfacial Electrochem. 1992, 331, 877.

(18) Oldham, K. B., J. Electroanal. Chem. Interfacial Electrochem.
1992, 337, 91.

(19) Heinze, J. Angew. Chem.. Int. Ed. Engl. 1998, 32, 1268 and
references cited therein.

(20) Norton, J. D.; Benson, W. E.; White, H. S.; Pendley, B. D.;
Abruna, H. D. Anal. Chem. 1991, 63, 1909.

(21) (a) Bagchi, R. N.; Bond, A. M.; Colton, R.; Creece, I.; McGregor,
K.; Whyte, T. Organometallics 1991, 10, 2611. (b) Bond, A. M.; Colton,
R.; Cooper, J. B.; Traeger, J. C.; Walter, J. N.; Way, D. M. Organo-
metallics 1994, 13, 3434.

Bond et al.

(a)

(b)
1L5uA

1 B T i [ 1

1600 800 0 -800

Potential vs Ag/AgC! (mV)

Figure 4. Cyclic voltammograms at 26 °C for a solution
initially containing 5 x 107¢ M mer,mer-{Cr(CO)3(n*-
dpe)}a(u-dpe) in dichloromethane (0.1 M Bu,NPFg) kept in
the dark for 10 h at 26 °C. (a) Full potential range. (b)
Restricted potential range. The voltammograms were
recorded at a 0.5 mm radius Pt disk electrode, scan rate
100 mV s~L,

evidence for formation of mer,mer-[{Cr(CO)»(n2-dpe)}a(u-
dpe)]* was found on the synthetic time scale. However,
at —78 °C, maintained by a dry ice/acetone slush bath,
after oxidation with NOPFg the zero of current could
be observed to lie between the two original one-electron
processes for a short period of time. That is, there is
now one reversible oxidation and one reversible reduc-
tion process. This result is consistent with mer,mer-
[{Cr(CO)3(n3-dpe)}a(u-dpe)]* exhibiting transient sta-
bility at this temperature.

The monocation voltammetric response observed after
NOPF; oxidation of mer,mer-{Cr(CO)s(2-dpe)}a(u-dpe)
gradually disappeared even at —78 °C and was replaced
by a process assigned to the mer-[Cr(CO)s(n!-dpe)n2-
dpe)I*® redox couple (see later). The presence of the
mer™ species alsoc was confirmed by observing its
characteristic ESR spectrum.2! On warming the solu-
tion, the ESR spectrum of mert was replaced by that of
trans™ in accordance with the known?! reaction

mer-[Cr(CO)y(n*-dpe)(r*-dpe)]* —
trans-[Cr(CO),(dpe),]" + CO (5)

Decomposition Reactions of mer,mer-{Cr(CO);-
(n%-dpe)}2(u-dpe) in the Dark. Voltammetric Stud-
ies. When the solution of mer,mer-{Cr(CO)s(2-dpe)}o(u-
dpe) in dichloromethane (0.1 M BusNPFs) was kept in
the dark at 0 °C, no voltammetric evidence of decom-
position was found even after 10 h; that is, the response
remains as in Figure 2. However, when the solution
was left standing at 26 °C in the dark for the same
period of time, the voltammetric responses for mer,mer-
{Cr(CO)s(n%-dpe)}2(u-dpe) had disappeared. Instead, a
chemically reversible couple with an E* 2 value of 155
mV vs Ag/AgCl is observed, as well as irreversible
oxidation processes with oxidation peak potentials at
about 1000 and 1365 mV vs Ag/AgCl. On the reverse
scan an irreversible reduction process occurs at —350
mV vs Ag/AgCl (Figure 4a). If the potential is scanned
over a restricted range to include only the first two
oxidation responses, then the reduction process at —350
mV vs Ag/AgCl is absent (Figure 4b). This demon-
strates that the reduction response is due to products
generated at very positive potentials. The new revers-
ible redox couple with an Eryy value of 155 mV is



mer,mer-{Cr{CO)s(n?-dpe)}x(u-dpe)

tentatively assigned (definite evidence is presented
below) to the first oxidation process for mer-Cr(CO)s(y!-
dpe)(7?-dpe)! and is therefore attributed to the presence
and subsequent electrochemical oxidation of this com-
pound according to eq 6

mer-Cr(CO)y(57'-dpe)(°-dpe) =
mer-[Cr(CO),(n*-dpe)(n*-dpe)]* + e~ (6)

The most positive response in Figure 4a at 1350 mV vs
Ag/AgCl is assigned to oxidation of mer-[Cr(CO)s(y!-
dpe)(n%-dpe)]* as ineq 7

mer-[CHCO)s(n'-dpe}n?-dpe)]* —=

mer-[Cr(CO)s(n'-dpe)(n>-dpe)?* + e~

|

[Cr(CO)a(2-dpe)]**

:

products @

and the process on the reverse scan is a result of
reduction of [Cr(CO)s(n2-dpe)2]2* and/or products of its
decomposition. )

Cyclic voltammetry, being a transient technique,
cannot unambiguously be used to distinguish whether
the process at 155 mV vs Ag/AgCl generated in the dark
at 26 °C for a solution of mer,mer-{Cr(CO)s(n2-dpe)}2o-
(u-dpe) in dichloromethane is in fact due to mer-Cr{CO)s-
(7*-dpe)(n2-dpe) or mer-[Cr(CO)s(n'-dpe)(n2-dpe)I*. How-
ever, voltammetry at a microelectrode under steady-
state conditions can make the distinction by observation
of the sign of the current. At a scan rate of 25 mV 57!
and with a 5 um radius platinum microdisk working
electrode, near steady-state voltametric conditions pre-
vail. A steady-state voltammogram at a microelectrode
of the dichloromethane solution of mer,mer-{Cr(CO)s-
(2-dpe)}o(u-dpe) which was stored in the dark at 26 °C
for 10 h showed that zero current was achieved only at
potentials more negative than the process at 155 mV
vs Ag/AgCl. This result shows that the process at 155
mV vs Ag/AgCl is an oxidative process and confirms that
the species in solution is mer-Cr(CO)3(n!-dpe)(n2-dpe)
rather than mer-[Cr(CO)s(n!-dpe)(n2-dpe)]*.

Electron Spin Resonance and Infrared Spec-
troscopies. Although the uncharged dinuclear com-
pound mer,mer-{Cr(CO)s(n2-dpe)}2(u-dpe) is expected to
be diamagnetic, the ESR spectrum of a solid powder
sample showed a weak S = /; signal (Figure 5a). The
low-field tensor shows resolved hyperfine structure, and
the spectrum contains an anisotropic seven-line pattern.
The splitting is most reasonably assigned to three non-
equivalent phosphorus nuclei with I = Y/, and hyperfine
coupling constants in the approximate ratios of 1:2:3
where the smallest constant is 29 G. The ESR spectrum
of mer-[Cr(CO)3(n'-dpe)n2-dpe)]* consists of an S = 1
signal with a four-line splitting pattern, indicating three
near-equivalent phosphorus nuclei.l121 In the case of
the singly oxidized mer,mer-[{Cr(CO)s(2-dpe)}2(u-dpe)lt,
this near-degeneracy of the hyperfine coupling constants
to the Cr(I) center could be removed when the pendant
phosphine in mer-[Cr(CO)s(n!-dpe)(n2-dpe)]* is coordi-
nated to another chromium center in mer,mer-[{Cr-
(CO)3(n2-dpe)}a(u-dpe)]*. Indeed, such a perturbation
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Figure 5. ESR spectra of (a) solid powder mer,mer-{Cr-
(CO)s(n2-dpe)}s(u-dpe), (b) a solution of mer,mer-{Cr(CO)s-
(n2-dpe)}a(u-dpe) in dichloromethane kept in the dark for
3 days at 26 °C, and (c) a solution of mer,mer-{Cr(CO)s(5%-
dpe)}o(u-dpe) in dichloromethane at —77 °C to which has
been added NOPF,.

is very likely since the separation of the two oxidation
potentials of mer,mer-{Cr(CO)3(n3-dpe)}a(u-dpe) in the
voltammetry does indicate some interaction between the
two metal centers (an interaction which is mediated by
the dpe bridge). Accordingly, the ESR spectrum in
Figure 5a is assigned to the singly oxidized species mer,-
mer-[{Cr(CO)s(n2-dpe)}a(u-dpe)]*. Presumably, a small
amount of surface oxidation occurs when mer,mer-{Cr-
(CO)s(n3-dpe)}2(u-dpe) is exposed to light and/or air (see
later).

The ESR spectrum of a dichloromethane solution of
mer,mer-{Cr(CO)s(n?-dpe)}2(u-dpe) which was kept in
the dark for 3 days at 26 °C was also investigated. The
spectrum (Figure 5b) indicates the presence of two
paramagnetic species. One S = 1/; signal gives a sharp
symmetric five-line pattern which can be assigned to a
very small concentration of trans-[Cr(dpe)s(CO)2]* on
the basis of its g value of 2.012 and hyperfine coupling
constant?! (see later for confirmation of the assignment).
The other S = Y/ signal is very broad, shows no resolved
hyperfine splitting, and cannot be assigned.

The infrared spectrum in the carbonyl region of the
same solution shows peaks due to the presence of mer-
Cr(CO)s(n!-dpe)n2-dpe) and/or mer,mer-{Cr(CO)s(n?-
dpe)}a(u-dpe) (these cannot be distinguished by IR, see
earlier) together with a small unidentified peak just
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above 1600 cm~1. The small concentration of trans-[Cr-
(dpe)o(CO)e]™ detected by ESR spectroscopy would be
expected to give rise to an absorption at 1850 cm™1, but
unfortunately the spectra of the other carbonyl com-
pounds present at high concentration dominate this
region of the spectrum.

31P Nuclear Magnetic Resonance Spectroscopy.
The 3P NMR spectrum of a freshly prepared dichlo-
romethane solution of mer,mer-{Cr(CO)s(n2-dpe)}a(u-
dpe) gives the spectrum shown in Figure 1, with
resonances at 0 92.7, 74.8, and 67 ppm. The spectrum
of the same solution after standing 2 days in the dark
at room temperature resembles that of mer-Cr(CO)3(7!-
dpe)(2-dpe). That is, the three resonances close to ¢
92.7, 74.8, and 67 are still present, but a new doublet
has appeared at 6 —13.3 ppm. This resonance cannot
be assigned to free dpe, which gives a singlet, and
therefore must be assigned to the pendant phosphorus
of mer-Cr(CO)3(nl-dpe)(n3-dpe),!! thus confirming the
formation of this compound in the dark. Based on the
intensity of the peak at 6 —13.3 compared with the other
peaks, it is likely that this solution contains a mixture
of mer,mer-{Cr(CQO)3(n2-dpe)}s(u-dpe) and mer-Cr(CO)s-
(n'-dpe)(n3-dpe).

Decomposition Reactions of mer,mer-{Cr(CO);-
(n?-dpe)}2(u-dpe) in the Presence of Light. Volta-
mmetric Studies. Recently we have reported data on
systematic photoelectrochemical studies on carbonyl
complexes,?223 and it appears that photochemistry in
the 17 electron, as well as in the 18 electron state is
important. In order to ascertain whether the very slow
decomposition reactions described are light catalyzed or
modified in the presence of light, three identical dichlo-
romethane solutions of mer,mer-{Cr(CO)s(n2-dpe)}a(u-
dpe) (6 x 107* M) in CHyCl; (0.1 M BuyNPF¢) were
prepared and kept at 0 °C. One, the control, was left
standing in the laboratory on the bench top in the
presence of air and a moderate amount of light, another
was stored in the dark, and the remaining sample was
purged with Ny while left standing on the bench top,
again in the presence of a moderate amount of light.
Cyclic voltammograms were then recorded on each
solution at approximately 2 h intervals. After 4 h, the
two samples which were exposed to normal laboratory
light began to show evidence of decomposition, whereas
the solution maintained in the dark remained un-
changed. A new sample of the dinuclear complex was
therefore prepared and exposed to a mercury light
source and voltammograms recorded every 10 min while
keeping the solution at 0 °C. Some of the resulting
voltammograms are shown in Figure 6. Figure 6a
shows the cyclic voltammogram of the freshly prepared
solution of mer,mer-{Cr(CO)3(n2-dpe)}s(u-dpe). The ini-
tial evidence for decomposition is detected in Figure 6b
(10 mins) by noting that the resolution between the two
chromium oxidation responses apparently decreases.
Upon further irradiation (Figure 6¢, 20 min), oxidation
processes for mer,mer-{Cr(CO)s(n2-dpe)}2(u-dpe) have
almost disappeared. In fact, the two one-electron oxida-
tion processes associated with mer,mer-{Cr(CO);(n?-
dpe)}a(u-dpe) are being replaced by a new reversible one-

(22) Compton, R. G.; Barghout, R.; Eklund, J. C.; Fisher, A. C.; Bond,
A. M.; Colton, R. J. Phys. Chem. 1998, 97, 1661.

(23) Compton, R. G.; Barghout, R.; Eklund, J. C.; Fisher, A. C,;
Davies, S. G.; Metzler, M. R.; Bond, A. M.; Colton, R.; Walter, J. N. J.
Chem. Soc., Dalton Trans. 1993, 3641.
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Figure 6. Cyclic voltammograms at 26 °C for a solution
initially containing 5 x 1074 M mer,mer-{Cr(CO)s(n2-
dpe)}o(u-dpe) in dichloromethane (0.1 M Bu,NPFs) after UV
irradiation for various times: (a) freshly preared solution,
(b) 10 min irradiation, (¢) 20 min, (d) 30 min, (e) 60 min.
The voltammograms were recorded at a 0.5 mm radius Pt
disk electrode, scan rate 100 mV s1,

electron oxidation process at 155 mV vs Ag/AgCl.
Additionally, two new reversible redox couples are seen
at —575 and 935 mV vs Ag/AgCl. With time, the
positive potential region becomes very complex and
consistent with the presence of many unresolved pro-
cesses (Figure 6d, 30 min). The reversible process at
-575 mV vs Ag/AgCl increases in magnitude with
further irradiation. The new couple at 155 mV vs Ag/
AgCl then begins to decrease in magnitude until even-
tually the response disappears (Figure 6e, 60 min).
Periodic examination of a solution of the dinuclear
complex placed in bright sunlight also exhibited the
same characteristics as the solution exposed to UV
irradiation.

The initial distortion of the cyclic voltammogram is
due to a decrease in the two reversible oxidation
processes of mer,mer-{Cr(CO)3(77*-dpe)}2(u-dpe) and the
concomitant growth of the new oxidation process at 155
mV vs Ag/AgCl which is assigned to the formation and
then voltammetric oxidation of mer-Cr(CO)s(n!-dpe)(52-
dpe) (see later). The reversible oxidation at 935 mV and
the reversible reduction process at —575 mV vs Ag/AgCl
correspond respectively to the formation and then
electrochemical oxidation and reduction of trans-[Cr-
(CO)a(dpe)s]” (also see later). The irreversible oxidation
processes at positive potentials are also consistent with
formation and oxidation of Cr(CO)4(dpe)?* (see spectro-
scopic data below) although the lack of resolution does
not allow definitive conclusions to be made on this
assignment.

(24) Bond, A. M.,; Colton, R.; Kevekordes, J. E.; Panagiotidou, P.
Inorg. Chem. 1987, 26, 1430.
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The position of zero current (and hence the unam-
biguous identification of the complex formed in the
presence of light) for each process in Figure 6 was
ascertained by obtaining steady-state voltammograms
at the 5 um radius platinum microdisk electrode. In
all cases, the zero of current was observed to lie at
potentials between the trans-[Cr(CO)z(dpe)2]*"® (reduc-
tion) process and the mer-[Cr(CO)s(;!-dpe)(n2-dpe)]¥+
(oxidation) process as required when trans-[Cr(CO)s-
(dpe)e]t is present in the +1 oxidation state and mer-
Cr(CO)s(n!-dpe)(i?-dpe) is present in the zerovalent
state.

Electron Spin Resonance Spectroscopy. The
decomposition of a dichloromethane solution of mer,-
mer-{Cr(CO)s(n2-dpe)}a(u-dpe) in the presence of light
also was monitored by ESR spectroscopy. A sample
exposed to either sunlight or the mercury light source
at 26 °C gives a symmetric five-line pattern (with
chromium isotopic satellites) due to trans-[Cr(CO)s-
(dpe)2]*.2! The same ESR spectrum also was generated
when a bulk oxidative electrolysis experiment was
undertaken at the potential corresponding to either the
first or second oxidation processes of the neutral di-
nuclear complex (see above).

To show the similarity between photochemical and
chemical oxidation of mer,mer-{Cr(CO)3(n2-dpe)}2(u-dpe)
the ESR spectrum of a solution of the dinuclear com-
pound also was monitored as the chemical oxidant
NOPF was added to a solution of the compound in
dichloromethane. At room temperature, the character-
istic five-line signal for trans-[Cr(CO)x(dpe)2]t was once
again seen. However, when the experiment was con-
ducted at —77 °C, a new ESR signal was seen super-
imposed on the familiar five line pattern (Figure 5¢c). It
consisted of four lines with a g value and hyperfine
splitting constants the same as reported?! for mer-[Cr-
(CO)s(ny'-dpe)n3-dpe)]t. The conversion of mer-{Cr(CO)s-
(7*-dpe)(n2-dpe)l* to trans-[Cr(CO)s(dpe)2]t has been
reported previously,?2 and the observation of this
complex suggests it is a precurser of trans-[Cr(CO)q-
(dpe)]t in the decomposition pathway. Clearly, there
is a close relationship between the reactions of mer,-
mer-{Cr(CO)s(n2-dpe)}a(u-dpe) in the presence of light
or following bulk electrolysis or chemical oxidation. The
reaction in the light is therefore consistent with pho-
tochemical oxidation.

Infrared Spectroscopy. Time-dependent FTIR spec-
tra of the carbonyl stretching region are shown in Figure
7 for a dichloromethane solution of mer,mer-{Cr(CO)s-
(n2-dpe)}o(u-dpe) as it was exposed to UV light. Prior
to exposure to light, the IR spectrum of mer,mer-{Cr-
(CO)a(n2-dpe)}o(u-dpe) consists of three peaks at 1950,
1850, and 1834 (sh) em~!. Upon exposure to UV
radiation, new peaks grew at 2009, 1912, 1900, and
1877 ¢m™! concomitant with a decrease in the three
original peak intensities. All four of these new carbonyl
stretching frequencies can be assigned to Cr(CO)4(dpe)
(see Table 1).13 The IR bands due to mer-Cr(CO)s(n!-
dpe)(72-dpe) and trans-[Cr(CO)s(dpe)s]™ (detected vol-
tammetrically and by other spectroscopic procedures)
are unresolved from those of the starting material, mer,-
mer-{Cr(CO)s(2-dpe)}2(u-dpe). Thus the IR experi-
ments unambiguously only show the formation of
Cr(CO)4(dpe).

Prolonged exposure to UV radiation at room tempera-
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Figure 7. Time-dependent FTIR spectra for a dichlo-

romethane solution of mer,mer-{Cr(CO)3(n2-dpe)}a(u-dpe)
during UV irradiation.

ture in the IR cell results in a gradual decrease in all
carbonyl peaks until eventually no evidence for any
carbonyl bands is seen.

31P Nuclear Magnetic Resonance Spectroscopy.
The decomposition of mer,mer-{Cr(CO)s(n?-dpe)}2(u-dpe)
in dichloromethane under UV irradiation also was
followed by 3P NMR spectroscopy, and relevant data
are given in Table 1. As mentioned earlier the dinuclear
complex gives three resonances at 6 92.7, 74.8, and 67.0.
Upon irradiation with a mercury light source, the three
peaks remain in the same positions but new singlets
soon appear at 6 78.6, 31.1 together with a doublet at ¢
—13. The relative intensities of these peaks vary
between samples suggesting that they are due to
separate compounds. These peaks are assigned to Cr-
(CO)4(dpe), dpeQ; and mer-Cr(CO)s(n!-dpe)(n3-dpe) re-
spectively (Table 1) but for the last compound its other
resonances are obscured by those of remaining mer,-
mer-{Cr(CO)3(n%-dpe)}o(u-dpe). If the sample is left
standing on the bench in the laboratory light for several
days, the spectrum shows only the peaks at § 78.6, 31.1
and now a singlet at 6 —13, which are assigned to Cr-
(CO)4(dpe), dpeOs and free dpe, respectively (Table 1).

Discussion of the Mechanism of Electrochemical
and Chemical Oxidation and Photochemistry of
mer,mer-{Cr(CO)3(n2-dpe)}s(u-dpe). The electro-
chemical and chemical oxidation studies and the pho-
tochemistry are all consistent with the initial generation
of a mer,mer-[{Cr(CO)s(72-dpe)}2(u-dpe)]* species which
then undergoes a series of additional reactions which
are determined by the conditions of the experiment, but
not all the products or intermediates have been identi-
fied.

An important piece of evidence for the first step in
the mechanism(s) of the light-catalyzed decomposition
of mer,mer-{Cr(CO)s(n?-dpe)}2(u-dpe) is the weak ESR
signal obtained from the solid sample which is assigned
to the singly oxidized mer,mer-[{Cr(CO)s(n2-dpe)}a(u-
dpe)]™ and presumably this cation is stabilized in the
solid state. The solid-state oxidation of mer,mer-{Cr-
(CO)s(2-dpe)}o(u-dpe) (presumably by light and/or oxy-
gen to form a peroxide salt) is not unexpected since the
potential at which it is produced is less than 100 mV
positive of Ag/AgCl. The compounds trans-Cr(CO)-
(dpe)s and mer-Cr(CO)s(n!-dpe)(n2-dpe) are also photo-
chemically oxidized under similar conditions (ESR
evidence). However, the quantity of singly oxidized
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dinuclear cation in the solid is very small and is possibly
only detectable via the (typically) nanomolar sensitivity
of the ESR method. Thus, on the basis of voltammetric
and solid-state ESR evidence, the first step of the
mechanism for electrochemical, chemical, or photochemi-
cal oxidation can be written

(dpe)(CO),CrPPCr(CO),(dpe) —
(dpe)(CO);CrPPCr*(CO),(dpe) + e~ (8)

where the new notation for the dinuclear compound is
introduced for convenience to distinguish the two chro-
mium centers. The next step in the reaction then
appears to involve cleavage of the dpe bridge (—~PP-).
The two possibilities are either cleavage at the oxidized
17 electron center

(dpe)(C0O),CrPPCr*(CO)y(dpe) —

mer-Cr(CO),('-dpe)(*-dpe) + “[Cr(CO)4(dpe)]*”
(9a)

or cleavage at the 18-electron center

(dpe)(CO),CrPPCr*(CO),(dpe) —
mer-[Cr(CO)y(n*-dpe)(n*-dpe)]* + “Cr(CO),(dpe)”
(9b)

but only one of the products of each reaction can be
identified in the solution and the other “product” is
included merely to balance the equations.

Step 9a results in the formation of mer-Cr(CO)s(n!-
dpe)(n?-dpe) which is consistent with voltammetric, 31P
NMR and IR evidence. The detection of mer-[Cr(CO)s-
(7*-dpe)(n2-dpe)l* (four-line ESR spectrum at —77 °C)
only in the presence of the strong oxidant NOPFg, or in
bulk electrolysis experiments, suggests the initial for-
mation of mer-Cr(CO)s(n!-dpe)(n2-dpe) occurs in the
oxidation state of zero (eq 6a). However, NO* oxidizes
mer-Cr(CO)s(n!-dpe)(n2-dpe) to mer-[Cr(CO)s(m -dpe)(n2-
dpe)]*, and the potential applied to oxidize mer,mer-{Cr-
(CO)s(n%-dpe)}o(u-dpe) in a bulk electrolysis experiment
also is sufficient to oxidize any mer-Cr(CO)s(ni-dpe)(s2-
dpe) formed to mer-[Cr(CO)s(n -dpe)(72-dpe)]l*.

Bond et al.

The unidentified product(s) of step 6a would be
coordinatively unsaturated and expected to be very
reactive. A reaction such as

mer-Cr(CO)4(n*-dpe)(n*-dpe) + “[Cr(CO)4(dpe)I™ —
trans-[Cr(CO)y(dpe),]* + Cr(CO),(dpe) (10a)

may occur which would result in the formation of the
paramagnetic trans dicarbonyl complex as well as the
diamagnetic tetracarbonyl complex, both of which have
been identified in the presence of light. The solubility
of carbon monoxide in the solvents used would aid the
transfer of this ligand between species.

The alternative route to decomposition of the mono-
cation (eq 9b) would give rise to the formation of mer-
[Cr(CO)s(n'-dpe)n?-dpe)]* and “Cr(CO)s(dpe)”. Al-
though no evidence has been obtained for the formation
of mer-[Cr(CO)3(ni-dpe)(n3-dpe)]” in the absence of a
chemical oxidant such as NOT, it is possible that such
a decomposition pathway exists which is followed by
rapid intermolecular electron transfer. Voltammetric
data shows that potentials for oxidation of mer,mer-{Cr-
(CO)s(n7%-dpe)}a(u-dpe) and mer-Cr(CO)s(5!-dpe)(572-dpe)
complexes are similar so that the redox reaction

mer,mer-{Cr(CO);(n°-dpe)},(u-dpe) +
mer-[Cr(CO),(n*-dpe)(n*-dpe)]” —
mer-Cr(CO)y(n*-dpe)(n*-dpe) +

mer,mer-[{Cr(CO)3(772-dpe)}2(,u-dpe)]+ (10b)
is a reasonably favorable process. If this reaction
occurs, then mer-Cr(CO)s(n!-dpe)(n?-dpe) (which is the
product of eq 9a) is formed together with more of the
singly charged dinuclear cation, which can participate
in step 9 again. The net result of this pathway is

predicted to be the formation of mer-Cr(CO)s(51-dpe)-
(7%-dpe) and “Cr(CO)s(dpe)” complexes.
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The dinuclear anions [Ma(u-0:C3Ph)(CO)4(n-C5Hs)2]~ (M = Mo, W) react with gold halides
ClAuPR; (R = Ph, Me) in tetrahydrofuran to yield the u-alkyne bonded complexes [Ma(u-
PhC3AuPR3)(CO)y(-CsHs)2] (M = Mo, R = Ph (1a), R = Me (2a); M = W, R=Ph (1b),R =
Me (2b)] in good yield. The structure of 1b has been determined by X-ray diffraction methods.
The crystals are monoclinic, space group P2;/c with Z = 4 in a unit cell of dimensions a =
8.417(4) A, b = 16.386(6) A, ¢ = 25.352(9) A, 8 = 90.55(2)°. The structure has been solved
from diffractometer data by direct and Fourier methods and refined by full-matrix least-
squares on the basis of 3865 observed reflections to R and R, values of 0.0314 and 0.0362,
respectively. The complex displays a WoC, tetrahedral core with W—W and the C—C bond
distances of 2.958(1) and 1.387(15) A, respectively. The reaction between the dinuclear anions
and HgCl; leads to a new class of pentametallic symmetric mercury derivatives where the
mercury atom forms two Hg—C(u-alkyne) bonds bridging two cluster units.

Introduction

In the course of the last years, we have been inves-
tigating the incorporation of group 11 or 12 metal
fragments, such as AuPR3" or Hg{Mo(CO)s(n-CsHs)}*,
in preformed polymetallic anions to give mixed transi-
tion-metal clusters.! Results concerning group 6 metals
involve the unsuccessful synthesis of the molybdenum
(or tungsten)—mercury derivatives, MoHg, from the
dinuclear [M2(CO)10]2~ MM = Cr, Mo, W) anion and
ClHg{Mo(CO)3(n-CsHs)} because of the cleavage of the
M-—M bond.2 On the other hand, the reaction between
the hydrido anion [Mog(u-H)u-dppmX}CO)s]~ and ClAuP-
Phj resulted in the formation of [Moa(CO)s(u-dppm)(us-
H)(u-AuPPh3)? with an in-plane us-hydride ligand
which holds three metal atoms together by means of a
four-center—two-electron bond. As a consequence, the
Mo—Au separations are only consistent with the exist-
ence of weak Mo—Au interactions. Other potentially
interesting group 6 precursors for the synthesis of mixed
MaAu or MyHg clusters are the anionic complexes [Ma(u-

® Abstract published in Advance ACS Abstracts, November 1, 1994.

(1) (a) Reina, R.; Rossell, O.; Seco, M. J. Organomet. Chem. 1990,
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0:CoPh)(CO)4(u-CsHs)2]~ (M = Mo, W).45 These species
are of particular interest because it has been suggested
that the negative charge is delocalized between the
metal atoms and the S-carbon atom of the acetylenic
ligand. Green et al.5 proposed the contribution of two
canonical forms to the electronic structure of the anionic
compound (Scheme 1).

Consequently, electrophilic agents can add to the
anionic species by interaction either with the g-carbon
atom or with the metal atoms. In fact, the reaction of
the bimetallic anions with different electrophilic species
(H*, Me*, Et*) was reported?® to yield, without exception,
the side-on bonded u-o:y2-vinylidenes by nucleophilic
attack on the f-carbon atom. Interestingly, however,
electrophilic attack on the metal centers has never been
observed. All these facts prompted us to explore the
reactivity of the proton isolobal agents AuL* (L. = PR3,
R = Me, Ph) or HgR* [R = Mo(CO)s(5-CsHs), Ph] with
these [Ma(u-0:C2Ph)(CO)y(n-CsHs)e]~ (M = Mo, W) an-
ions in order to ascertain the nature of the resulting
products as well as some aspects of the mechanism
involved in this type of process.

Results and Discussion

Treatment of the “in situ” generated anionic com-
pounds Li[Mp(u-0:CoPh)(CO)y(n-CsHs)2] (M = Mo, W)

(4) Green, M.; Mercer, A. G.; Orpen, A. G. J. Chem. Soc., Chem.
Commun. 1986, 567.

(5) Froom, S. F. T.; Green, M.; Mercer, R. J.; Nagle, K. R.; Orpen,
A. G.; Rodrigues, R. A. J. Chem. Soc., Dalton Trans. 1991, 3171.
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Scheme 1

with ClAuPRs; (R = Me, Ph) in THF solution at —78 °C
afforded the y-alkyne neutral compounds [Mg(u-PhCo-
AuPR;3)(CO)y(n-CsHs)] [M = Mo, R = Ph (1a), R = Me
(2a); M =W, R = Ph (1b), R = Me (2b)] in good yield
according to eq 1.

Cph B A PR.
Q co PRy
/Cﬁ\ s #CO
M M + C).AuPR; ——-»
W C‘ ! \, ,CO

R =Ph, Me

Equation 1

The reaction was monitored by IR spectroscopy and
no changes were observed after the quick formation of
the u-alkyne compounds. No intermediate products
were detected.

Compounds la,b and 2a,b were characterized by
elemental analyses and spectroscopic methods. The IR
spectra of either THF or toluene solutions showed an
identical pattern in the »(CQO) region for the four
compounds, in agreement with previous data on mol-
ecules of this type. In all, low-frequency absorptions
indicated for the presence of a semibridging CO ligand.
However, 1TH NMR spectra recorded at 25 °C only
showed one signal attributable to Cp rings that splits
in two different signals on cooling of the solutions to
—80 °C, indicating that these complexes undergo a
fluxionality process. Accordingly, 13C NMR spectra at
room temperature showed only two peaks corresponding
to the four inequivalent CO ligands. This fluxionality
process prevented the observation of the quaternary
carbons of the acetylenic ligands.” The FAB mass
spectra were recorded using nitrobenzilic alcohol (NBA)
as the matrix and the patterns in all these spectra are
very similar. They showed the parent molecular ion and
several fragments that correspond to subsequent losses
of carbonyl ligands. In the case of PMe; derivatives
(2a,b), Au(PMe3)™ and Au(PMes);* fragments are the
most abundant.

The formation of the u-alkyne neutral compounds
1la,b and 2a,b from the lithium salt of [Mg(u-0:CoPh)-
(CO)4(n-CsHs)z]~ and the corresponding gold derivative
is not yet clearly understood. According to the litera-
ture® (Scheme 2), the Moy u-acetylide anionic species
[Mog(u-0:CoPh)(CO)4(5-CsHs)al™ (A) reacts with proton
sources to give a dark blue solution, which on low-
temperature crystallization affords a high yield of the
relatively unstable “side-on” bonded vinylidene complex
(Mog{u-0:C=CH(Ph)}(CO)4(n-CsH5)2] (B). This dark
blue complex is thermally unstable, rearranging in
solution at room temperature (10 h) to the red u-alkyne
complex [Mog(u-PhCHYCO)4(n-CsHs)z] (C). This un-
usual rearrangement reaction of a “side-on” bonded

(6) Winter, M. J. Adv. Organomet. Chem. 1989, 29, 101 and
references therein.

(7) Akita, M.; Sugimoto, S.; Takabuchi, A.; Tanaka, M.; Moro-oka,
Y. Organometallics 1993, 12, 2925.
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vinylidene into a u-alkyne involves an apparent 1,2-
hydrogen shift from the - to the a-carbon.

In our case, the reaction of the electrophilic agent
AuPR;" instead of the isolobal HT with the same Mos
(or Wy) u-acetylide anions seems to proceed through a
mechanism involving the previous rearrangement of the
u-acetylide into the u-alkyne lithium complexes [Ma(u-
PhC,LiXCO)4(5-CsHs)z] and subsequent substitution of
the lithium by the AuPPR;* fragment. The presence
of these species in solution has been already postulated?®
to explain the mechanism of the deprotonation process
of the corresponding u-alkyne complexes which yields,
through the less thermodynamically stable transversally
bridged lithium intermediate, the anionic u-acetylide
compounds (Scheme 3). Otherwise, the initial attack
at the S-carbon by the gold reagent would be followed
by an improbable 1,2-diphenyl or AuPPRg* shift from
the - to the a-carbon atom. Moreover, no observation
of a dark blue intermediate in the course of any of the
reactions carried out may confirm the suggested mecha-
nism which, on other hand, has been also considered in
the protonation of the closely related adducts obtained
from CHy;=C(Me)C=CLi and [M2(CO)4(n-CsHzs)2].8

The molecular structure of 1b, confirmed by an X-ray
crystal study, is shown in Figure 1 together with the
atomic numbering scheme. Selected bond distances and
angles are given in Table 1. The acetylenic part of 1b
coordinates perpendicularly to the ditungsten center to
form the dimetallatetrahedral core. The C-C, 1.387-
(15) A) distance is lengthened by ca. 0.22 compared to
that in PhC=CAuPPh3.® At the same time, this dis-
tance is a bit longer than the ones found in analogous
compounds with a tetrahedral C;M; core, such as [Cos-
(CO)e(u-FpC=CH)1,1® [Nix(u-FpC=CH)(-CsHs)2],)! or
[Mox(CO)4(n-CsHs)2(u-FpC=CH)I” [Fp = Fe(CO)x(CsHs)],

(8) Froom, S. F. T.; Green, M.; Mercer, R. J.; Nagle, K. R.; Orpen,
A. G.; Schwiegk, S. J. Chem. Soc., Chem. Commun. 1986, 1666.

(9) Bruce, M. 1; Duffy, D. N. Aust. J. Chem. 1986, 39, 1697.

18 %0) Akita, M.; Terada, M.; Moro-oka, Y. Organometallics 1992, 11,

(11) Akita, M.; Terada, M.; Moro-oka, Y. Organometallics 1992, 11,
3468.




Crystal Structure of [Wa(u-PhCsAuPPh3)(CO)(n-CsHjs)s]
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Figure 1. ORTEP view of the molecular structure of the
complex [Wy(u-PhCAuPPh3)(CO)y(n-CsHs)2] (1b) together
with the atomic numbering scheme. The thermal ellipsoids
are drawn at the 30% probability level.

Table 1. Selected Bond Distances (A) and Angles (deg) for
Compound 1b*

Au—P 2.273(3) W(2)—-C4) 1.960(12)
Au—C(15) 1.998(10) W(2)—C(15) 2.226(10)
W()-W(2) 2.958(1) W(2)—C(16) 2.148(11)
W(1)~CE(1) 2.011(13) c()-0(1) 1.167(16)
W(1)-C) 1.935(13) C2)-0Q2) 1.155(17)
W(1)—C®) 1.955(13) C(3)-003) 1.202(14)
W(1)—C(15) 2.231(11) C(4)—0(4) 1.155(15)
W()=C(16) 2.237(11) C(15)—C(16) 1.387(15)
W(2)—CE(2) 2.010(15) C(16)—C(17) 1.459(16)
W(2)—C@3) 1.913(11)
P-Au-C(15) 1756(33) CEQ)-W(2)~C@)  111.1(6)
CE()-W()-W@2) 1214(4) W1)-WQR)—C@3) 88.6(3)
CE()-W()—C(1) 11145 W()=W(Q2)~C(4) 66.2(4)
CE()-W(1)-C(2)  1220(5) C(3)~W(2)-C@) 93.7(5)
W(2)—-W(1)—C(1) 123.64) WO—-C1)-0)  178.1(11)
W(2)~W(1)—C(2) 85.9(4) W(1)—C(2)—0(2) 177.2(12)
C()—-W()~C(2) 824(5) W(2)—-C(3)-0(3) 175.909)
CEQ)-WQ)-W() 152.04) W(2)~C(4)~0) 169.6(11)
CEQ)-W(2)-C(3)  119.2(5

2 CE(1) and CE(2) are the centroids of the C(5)=C(9) and C(10)=~C(14)
cyclopentadienyl rings, respectively.

that have been prepared very recently by direct interac-
tion of the substituted iron acetylene with the cor-
responding metal dimer. The distances Au—C, 1.998-
(10) A, and Au—P, 2.273(3) A, are within the range of
similar compounds. The semibridging carbonyl group
is found in the W(2)—C(4)—0(4) unit. The nonlinearity
of the unit 169.6(11)° and the closeness of the W(1)—
C(4) contact distance 2.814(11) A are both consistent
with an incipient bond formation taking place between
W(1) and C(4). The structure of 1b is comparable to
that of the complex [Wa(u-CoHz)(CO)4(n-CsHs)2], the
unique tungsten compound of this type the X-ray
structure!? of which showed d(W—W) = 2.958(1) A,

(12) Ginley, D. S.; Bock, C. R.; Wrighton, M. S.; Fischer, B.; Tipton,
D. L.; Bau, R. J. Organomet. Chem. 1978, 157, 41.
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d(C—C) = 1.33(3) A, and also a semibridging carbonyl
[W(1)—-C = 1.91(3) and W(2)—C = 2.97(3) E Ww(1)-C-0
= 173(2)°].

Since ClAuPRj3 species reacted cleanly with the
anionic dimers, the reaction with digold derivatives
(ClAu)2(u-PP) (PP = dppm, dppe) was next investigated.
This type of compounds allows the syntheses of com-
pounds in which two clusters units are linked by the
chelating ligand.13 Moreover, condensation processes
are likely to occur, leading to the formation of new
polymetallic clusters of higher nuclearity than their
precursors.

When (ClAu)2dppm was added to an “in situ” gener-
ated THF solution of Li[Ma(u-0:CoPh)(CO)4(n-CsHs)e] (M
= Mo, W) in a 1:2 ratio at —78 °C in the presence of
TIBF,, the compounds [(u-dppm){Ma(u-AuCyPh)(CO)4-
(n-CsHs)2}2] [M = Mo (3a), M = W (3b)] were isolated
along with other products that did not contain phos-
phorus that were not fully characterized (eq 2).

2 [Ma(-6:CoPh)(CO)(n-CsHs)yl + (ClAu),(u-dppm) + 2 TiBF,

thf j -18°C

oc, CO
OC;'M’,C/ Ph Ph\C,,Ml‘CO
7 (\

C Cu,

A

ocv N
oC

“AuPPhy~CH;~Ph,PAu ¢

M\,'

“CO

NS
M=Mo (3a)

M=W (3b)

Equation 2

Compounds 3a and 38b were isolated as red solids and
characterized by elemental analyses and spectroscopic
methods. The IR spectra are consistent with the
proposed structure since the »(CO) pattern is very
gimilar to that previously observed for compounds 1 and
2. Their 1H NMR spectra showed the signals assignable
to CH; protons in the dppm ligand. The !3C NMR
spectrum of 3a was not recorded due to the low
solubility of the compound in common deuterated
solvents. Surprisingly, the use of (ClAu)zdppe did not
yield any characterizable product even when the workup
of the reaction mixture was performed at temperatures
below 0 °C. As could be inferred from 3P NMR VT
studies, complicated reactions took place that are now
under investigation.

Reactivity Studies of [My(u-PhC2AuPPh3)(CO),-
(7-CsHj)2] (M = Mo, W) Since complexes of the type
[Mg(u-RCaR'XCO)y(5-CsHs)e]l (R, R’ = organic fragments)
have been proved to be very reactive toward a great
variety of substrates, it was of interest to investigate
the variations of this reactivity produced by the substi-
tution of an organic fragment by a transition-metal
fragment.

Thus, reactions of sequential linking of alkynes were
tested, by treating toluene solutions of [Ma(u-PhCs-
AuPPh;3)CO)y(n-CsHs)2] (M = Mo, W) with an excess of
PhC=CPh at 60 °C for several hours. The reactions
were monitored by IR spectroscopy and no changes were
observed after a reaction time of 24 h. In a different
experiment, 1a,b were treated with an excess of the
activated acetylene MeOQ2CC=CCO2Me under the same

(13) Salter, 1. D. Adv. Organomet. Chem. 1989, 29, 249.
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conditions. Neither insertion nor substitution of the
acetylene were detected.

Since strong acids (HCl, HBF,4, CFsCOOH) react with
[Mo(u-RCCR')(CO)4(n-CsHs)ol adducts to yield the cor-
responding addition products (eq 3),!4 a toluene solution

R
L
R.~*C €O
d & \ /co s éZM/C \ 7sC0
oc™i
CcO

X = BFy, CF,
CF;C00°

Equation 3

of CFsCOOH was added dropwise to an equimolar
amount of [Ma(u-PhCoAuPPhs)(CO)y(5-CsHs)z] dissolved
in the same solvent. An immediate change of color was
observed. The IR spectrum of the toluene solution
revealed the formation of [Ma(u-PhCCH)YCO)4(n-CsHs)a).
This process can be understood in terms of the cleavage
of the Au—C bond and subsequent formation of the C—H
bond. These observations are in agreement with previ-
ous results reported by Stone! and Curtis!* for com-
pounds containing C—Si and C—Sn bonds, respectively.

In another experiment, the reaction was repeated
with a weaker acid. Solid NHPF¢ was added to a
toluene solution of 1b. The reaction was monitored by
IR. A reaction time of 3 h was necessary for total
conversion of [Wy(u-PhCeAuPPh3)(CO)4(n-CsHs)e] to [Wo-
(u-PhCCH)(CO)4(7-C5Hs)z). In spite of the weaker acid
used, the cleavage of the C—Au bond took place and no
addition products were obtained.

In a further experiment, a toluene solution of 1a was
irradiated with a medium-pressure mercury lamp with
the object of promoting decarbonylation processes that
could provoke the formation of new metal—metal bonds.
The results, however, were quite different from that
expected. After 2 h of irradiation, decomposition prod-
ucts that did not contain carbonyl ligands were isolated.
The observed behavior of the alkyne dimers toward
irradiation is in agreement with the recently reported
photochemical decarbonylation of the adducts [Moa(u-
FpCCH)CO)4(n-CsHs)2] that leads to the formation of
us-vinylidenyl derivatives through the generation of an
unsaturation on the iron center due to the photoinduced
loss of a carbony! ligand.”

In order to extend the synthetic method to other
transition-metal fragments, the reactions of the bime-
tallic anions with RHgCl compounds [R = Mo(CO)s(n-
CsHs) and Ph] were examined. When the molar ratio
between both reagents was 1:1, two different sym-
metrical mercury species were identified, HgR, and [Hg-
{Mo(u-CCPh)(CO)4(n-CsHs)a}2], as a result of a ligand
redistribution process (eq 4) that took place even when
the reaction mixture was kept at —78 °C. This behavior
is quite unusual due to the well-documented?® stability
of unsymmetrical mercury derivatives of the type RHgR’
(R, R’ = organic fragments). However, compounds 4a,b
are the first reported examples of Hg-C(u-alkyne) bonds.

(14) Gerlach, R. F.; Duffy, D. N.; Curtis, M. D. Organometallics 1983,
2, 1172,

(15) Beck, J. A.; Knox, S. A. R.; Stansfield, R. F. D.; Stone, F. G. A,;
Winter, M. J.; Woodward, P. J. Chem. Soc., Dalton. Trans. 1982, 195,

(16) Roberts, D. A.; Geoffroy, G. L. In Comprehensive Organometallic
Chemistry; Wilkinson, G.; Stone, F. G. A.; Abel, E. W,, Eds.; Perga-
mon: Oxford, 1982,
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2 [My(pt-0:CyPh)(COY(n-CsHs)yl + CIHgR

e t 8¢ R = Ph, Mo(CO}3(n-CsHs)

og, <o
ocuy/. _M=co
+ HgR.
’/c—m;-—c,,\‘ &%
NQ Y~
co M=Mo (4a)
M=W (4b)

Equation 4

In the case of R = Mo(CO)s(5-CsHs), the instability of
the asymmetric derivatives is in agreement with our
previous observations on analogous compounds of the
type {(5-CsH5)(OC)sM-HgR] (R = alkyl or aryl groups,
M = Mo, W).17

The reaction of HgCly with the bimetallic anion in a
1:2 ratio, in THF solution at —78 °C, yielded [Hg{M;-
(u-CCPh)(CO)y(5-CsHs)z}2] [M = Mo (4a), M = W (4b)]
in nearly quantitative yield. The reaction was moni-
tored by IR and no further changes were observed after
the formation of the u-alkyne products at —78 °C.

Compounds 4a,b were characterized by elemental
analyses and spectroscopically. Their IR and NMR
spectra are consistent with the proposed formulation.
Elemental analysis and the observation of the M* in
the FABS mass spectra confirmed unequivocally the
nature of the products. All attempts to synthesize
asymmetric species from 4a,b by adding HgClz in a 1:1
molar ratio were unsuccessful.

It is well-known that the Pt(PPhs); fragment inserts
into Hg—C bonds, leading to the formation of Hg—Pt
bonds.!’® The presence of two Hg—C(u-alkyne) bonds
prompted us to investigate the possibility of insertion
of platinum fragments in the new Hg—C bonds with the
aim of increasing the metallic nuclearity. The reaction
between 4a,b and [Pt(PPh3)s(CoHy)] was carried out in
toluene at 60 °C and monitored by IR and 3P NMR
spectroscopy. After several hours, IR »(CO) bands
characteristic of 4a,b as well as the phosphorus signal
corresponding to the platinum derivative remained
unaltered.

Experimental Section

All manipulations were performed under an atmosphere of
prepurified N2 using standard Schlenk techniques. All sol-
vents were distilled from appropriate drying agents. Elemen-
tal analyses of C and H were carried out at the Institut de
Bioorganica de Barcelona.

Infrared spectra were measured using a FTIR 520 Nicolet
spectrometer. 3P{'H} NMR spectra were recorded on a
Bruker WP 80SY instrument (6(85% H3PO,) = 0.0 ppm). !
and *C NMR were recorded on a Varian XL-200 instrument
operating at 200 and 50 MHz, respectively, for *H and 13C (8-
(TMS) = 0.00 ppm). Fast atom bombardment (FAB) mass
spectra were recorded on an Auto SPEC U, Cs*, 30 kV mass
spectrometer employing a 3-nitrobenzyl alcohol matrix (NBA).

(17) Rossell, O.; Seco, M.; Braunstein, P. J. Organomet. Chem. 1984,
273, 233.

(18) (a) Sokolov, V. L.; Reutov, O. A. Coordination Chem. Rev. 1978,
27, 89 and references therein. (b) Braunstein, P.; Rossell, O.; Seco,
M.; Torra, L.; Solans, X.; Miravitlles, C. Organometallics 1986, 5, 1113.



Crystal Structure of [Wa(u-PhC3AuPPh3)(CO)(n-CsHs)o]

Table 2. Summary of Crystallographic Data for
Complex 1b

mol formula CaoH30Au04PW, Vv, Al 3496(2)
mol wt 1170.32 z 4

cryst syst monoclinic Deated, g cm™3 2.223
space group P2\/c F(000) 2176

a A 8.417(4) #(Mo Ko), cm™! 108.36
b A 16.386(6) R 0.0314
a A 25.352(9) R, 0.0362
B, deg 90.55(2)

[M(CO)e(57-CsHs)o] (M = Mo, W),1® [M2(CO)4(57-CsHs)e] (M =
Mo, W),2° and ClAuPPh;s?! were prepared as described previ-
ously. The complexes ClAuPMegs, (ClAu)o(u-dppm), and (ClAu);-
(u-dppe) were synthesized and isolated as solids from ClAu-
(tht)?2 by adding the appropriate amount of the corresponding
mono- or diphosphine.

Preparation of [Mz(s-PhC2AuPPh;)(CO)4(n-CsHs)a] (M
= Mo (1a), W (1b)]. A solution of Li[Mog(u-0:C2Ph)}CO)4(#-
CsH;).)* in THF was generated “in situ” by adding dropwise a
solution of PhCoLi (1.0 mmol) in THF (15 mL, —78 °C) to a
precooled (—78 °C) solution of [Mog(CO)s(n-CsHs)z] (450 mg,
1.0 mmol) in the same solvent. Once the anion was formed,
solid ClAuPPh; (490 mg, 1.0 mmol) was added and the mixture
was stirred and allowed to warm slowly to room temperature.
The resulting red solution was evaporated to dryness and the
solid residue was extracted twice (2 x 10 mL) with toluene.
Subsequent addition of hexane and cooling overnight (—30 °C)
afforded purple microcrystals of compound 1a: yield 75%. IR
(toluene, ecm~1): ¥(CO) 1959 s, 1898 vs, 1823 5. 3P{'H} NMR
(—40 °C, toluene): 6 39.4. 'H NMR (25 °C, Cg¢Ds): 6 8.0—6.9
(m, 20H, Ph), 5.18 (s, 10H, Cp). 13C NMR (25 °C, C¢De): o
236.2, 234.1 (CO), 134.6-125.6 (Ph), 94.4 (Cp). FAB mass
spectrum: m/z 995 [M]*, 967 [M — CO]J*, 940 [M — 2COJ",
883 [M — 4CO]*. Anal. Caled for C4oH3pAuMo04P: C, 48.31;
H, 3.04. Found: C, 47.98; H, 2.97.

A similar procedure was used to prepare the tungsten
derivative 1b: yield 80%. IR(toluene, cm™!): w(CO) 1957 s,
1894 vs, 1811 5. 3'P{'H} NMR (—40 °C, toluene): é 39.1. 'H
NMR (25 °C, C¢Dg): 6 8.0—86.9 (m, 20H, Ph), 5.17 (s, 10H, Cp).
13C NMR (25 °C, CgDg): 6 222.7, 222.0 (CO), 134.6—125.2 (Ph),
90.3 (Cp). FAB mass spectrum: m/z 1171 [M]*, 1115 [M —
2CO]J*, 1087 [M — 3CO]Jt, 1060 [M ~ 4COJ*. Anal. Calcd for
CsoH3AuOPWs: C, 41.05; H, 2.58. Found: C, 41.23; H, 2.69.

Preparation of [Mz(#-PhC;AuPMeg)(CO)4(n-CsHs)o] [M
= Mo (2a), W (2b)]. A solution of LifMos(t-g:CoPh)(CO)4(5-
CsHs)e] in THF was generated “in situ” by adding dropwise a
solution of PhC.Li (1.0 mmol) in THF (156 mL, —78 °C) to a
precooled (—78 °C) solution of [Mox(CO)y(n-CsHs).] (450 mg,
1.0 mmol) in the same solvent. Once the anion was formed,
solid Cl1AuPMe; (305 mg, 1.0 mmol) was added and the mixture
was stirred and allowed to warm slowly to room temperature.
The resulting red solution was evaporated to dryness and the
solid residue was extracted twice (2 x 10 mL) with toluene.
Subsequent addition of hexane and cooling overnight (=30 °C)
afforded purple-red microcrystals of compound 2a: yield 70%.
IR (toluene, cm™1): »(CO) 1958 s, 1898 vs, 1823 s. P{'H}
NMR (—40 °C, toluene): 6 2.2. *HNMR (25 °C, C¢Ds): 6 7.9—
7.0 (m, 5H, Ph), 5.24 (s, 10H, Cp), 0.50 (d, 9H, P(CH3)3, %J(P—
H) = 9.72 Hz). 3C NMR (25 °C, C¢Dg): 6 237.2, 234.5 (CO),
130.8~125.4 (Ph), 92.25 (Cp), 14.4 (d, P(CHa)s, J(C—P) = 33.5
Hz). FAB mass spectrum: m/z 808 [M]*, 752 [M — 2CO],
349 Au(PMes):t, 273 AuPMes*. Anal. Caled for CosHay-
AuMo,O4P: C, 37.15; H, 2.99. Found: C, 37.42; H, 2.97.

A similar procedure was used to prepare the tungsten
derivative 2b: yield 75%. IR (toluene, cm™1): v»(CO) 1954 s,
1894 vs, 1811 s. 31P{*H} NMR (—40 °C, toluene): 6 2.6. 'H

(19) Birdwhistell, R.; Hackett, P.; Manning, A. R. J. Organomet.
Chem. 1978, 157, 239.

(20) Curtis, M. D.; Fotinos, N. A.; Messerle, L.; Sattelberger, A. P.
Inorg. Chem. 1988, 22, 1559.

(21) Kowala, C.; Swan, J. M. Aust. J. Chem. 1966, 19, 547.

(22) Us6n, R.; Laguna, A. Organomet. Synth. 1986, 3, 324.
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Table 3. Atomic Coordinates (x104) and Isotropic Thermal
Parameters (A? x 10%) with esd’s in Parentheses for the
Non-Hydrogen Atoms of Compound 1b

atom xla yib e Ue
Au 3514.3(5) 1921.7(3) 1697.8(2) 390(1)
W(1) —141.5(5) 2031.9(3) 894.1(2) 369(2)
W) 2444.8(6) 1645.2(3) 153.0(2) 357(1)
P 4554(3) 1676(2) 2513(1) 387(9)
0(1) —533(13) 3699(6) 1457(4) 906(46)
0(2) —1734(12) 2946(6) —47(4) 926(47)
0(3) 3426(12) 175(5) 863(3) 726(38)
0 —724(11) 891(5) —249(4) 671(36)
C) —360(15) 3076(7) 1242(5) 565(46)
CQ) —1120(14) 2624(8) 306(5) 557(47)
c@3) 2990(14) 731(7) 588(4) 439(40)
C4 379(15) 1189(7) —56(4) 443(41)
C(5) —2108(16) 1039(8) 890(5) 609(51)
C(6) —2386(16) 1609(9) 1305(6) 668(54)
Cc —1165(16) 1539(8) 1686(5) 599(50)
C(8) ~136(15) 926(8) 1515(5) 577(48)
C©) —702(15) 625(7) 1021(5) 535(47)
C(10) 2616(20) 1881(12) —758(5) 836(72)
c(11) 3218(21) 2561(10) —511(6) 812(69)
C(12) 4588(18) 2323(11) —234(5) 740(62)
c@13) 4828(18) 1493(11) —288(5) 735(64)
Cc(14) 3610(20) 1218(9) —618(5) 683(57)
C(15) 2495(13) 2063(7) 989(4) 417(37)
C(16) 2061(12) 2688(7) 648(4) 395(36)
camn 2540(14) 3540(7) 599(4) 467(41)
C(18) 3968(18) 3796(8) 839(5) 773(59)
C(19) 4451(24) 4599(11) 762(6) 1093(87)
C(20) 3607(27) 5155(10) 510(7) 1023(92)
C(21) 2219(21) 4925(9) 277(7) 889(76)
C(22) 1714Q17) 4118(8) 316(6) 768(61)
C(23) 2959(13) 1493(7) 2978(4) 403(37)
C(24) 1689(15) 2021(8) 2981(5) 583(48)
C(25) 420(16) 1888(10) 3309(6) 758(62)
C(26) 423(16) 1225(10) 3648(6) 683(57)
c@2n 1662(19) 720(9) 3654(5) 774(62)
C(28) 2907(17) 838(8) 3309(5) 656(53)
C(29) 5801(13) 772(7) 2523(4) 420(38)
C(30) 5651(16) 210(7) 2124(5) 520(46)
C(3D 6536(18) —483(8) 2129(6) 701(59)
C(32) 7595(19) —641(8) 2522(7) 812(68)
C(33) 7797(19) —86(9) 2922(7) 993(74)
C(34) 6910(16) 622(8) 2909(5) 707(54)
C@3%5 5738(12) 2502(6) 2801(4) 379(36)
C(36) 5944(14) 2598(8) 33434) 491(42)
Cc@37n 6909(15) 3203(8) 3534(5) 645(51)
C(38) 7654(15) 3715(9) 3195(6) 652(54)
C(39) 7459(17) 3644(8) 2652(6) 658(54)
C(40) 6501(15) 3021(7) 2469(5) 518(44)

4 Equivalent isotropic U defined as one-third of the trace of the
orthogonalized Uj; tensor.

NMR (25 °C, C¢Ds): 6 7.9—7.0 (m, 5H, Ph), 5.23 (s, 10H, Cp),
0.52 (d, 9H, P(CH3);, 2J(P-H) = 9.52 Hz). 3C NMR (25 °C,
CsDs): 6 222.9,222.2 (CO), 131.6—124.9 (Ph), 90.1 (Cp), 14.45
(d, P(CH3)s, J(C—P) = 33.0 Hz). FAB mass spectrum: m/z 984
[M]*, 928 [M — 2CO], 900 [M — 3CO]*, 872 [M — 4CO]J*, 349
Au(PMes),, 273 AuPMes*. Anal. Caled for CosHasAuO,PWo:
C, 30.51; H, 2.46. Found: C, 30.83; H, 2.59.

Preparation of [(u-dppm){M;z(u-AuC;Ph)(CO)4(5-Cs-
Hs):}:]1 [M = Mo (8a), W (8b)]. To a cooled THF (30 mL)
solution of Li[Mog(u-0:CoPh)(CO)4(5-CsHs)z] (0.8 mmol), pre-
pared as described above, was added (ClAu).(u-dppm) (340 mg,
0.4 mmol) and TIBF, (233 mg, 0.8 mmol). The mixture was
allowed to warm up to —20 °C, and TICI1 and LiBF, salts were
removed by filtration. The resulting solution was evaporated
to dryness and the solid residue extracted twice (2 x 15 mL)
with precooled toluene. Subsequent addition of hexane and
cooling overnight (=30 °C) afforded red microcrystals of the
compound 8a: yield 30%. IR (toluene, cm~!): »(CO) 1957 s,
1901 vs, 1825 s. 3'P{'H} NMR (—40 °C, toluene): 6 25.1. 'H
NMR (25 °C, C¢Ds) 6 7.8—6.9 (m, 30H, Ph), 5.08 (s, 20H, Cp),
3.12 (t, PCH.P, 2J(P—H) = 8.9 Hz.
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A similar procedure was used to prepare the tungsten
derivative 8b: yield 40%. IR (toluene, cm™): »(CO) 1954 s,
1897 vs, 1815 s. %'P{*H} NMR (—40 °C, toluene): 4 25.1. 'H
NMR (25 °C, C¢Dg): & 7.8—6.9 (m, 30H, Ph), 5.06 (s, 20H, Cp),
3.13 (t, PCH,P, 2J(P—H) = 8.9 Hz. 13C NMR (25 °C, C¢Ds): 6
133.9-125.1 (Ph), 90.2 (Cp), 30.0 (PCH;P).

Preparation of [Hg{M;(u-CCPh)(CO)4(n-CsHjs)2}2] [M =
Mo (4a), W (4b)]l. A solution of Li[Mog(u-0:C2Ph)(CO)4(7-
CsHs)o] in THF was generated “in situ” by adding dropwise a
solution of PhC;Li (1.0 mmol) in THF (15 mL, —78 °C) to a
precooled (—78 °C) solution of [Mog(CO)s(n-CsHs)o] (675 mg,
1.5 mmol) in the same solvent. Once the anion was formed,
solid HgCl; (200 mg, 0.75 mmol) was added and the mixture
was stirred and allowed to warm slowly to room temperature.
The resulting deep red solution was evaporated to dryness and
the solid residue was extracted twice (2 x 10 mL) with toluene.
Subsequent addition of hexane and cooling overnight (—30 °C)
afforded purple-red microcrystals of compound 4a: yield 80%;
IR (toluene, cm~1): »(CO) 1976 s, 1916 vs, 1837 5. 'H NMR
(25 °C, Cede): 6 7.7-6.9 (m, 10H, Ph), 4.98 (s, 20H, Cp). 3C
NMR (25 °C, CgDe): 6 231.7, 230.2 (CO), 130.0~125.9 (Ph),
91.8 (Cp). FAB mass spectrum: m/z 1271 [M]*. Anal. Caled
for CysHsoHgMo4Os: C, 41.58; H, 2.38. Found: C, 41.43; H,
2.317.

A similar procedure was used to prepare the tungsten
derivative 4b: yield 85%. IR (toluene, cm™!): »(CO) 1971 s,
1907 vs, 1825 s. *H NMR (25 °C, CsDg): 6 7.7—6.9 (m, 10H,
Ph), 4.97 (s, 20H, Cp). 113C NMR (25 °C, CsDg): 9 220.7,217.1
(CO), 130.8—125.6 (Ph), 90.0 (Cp). FAB mass spectrum: m/z
1623 [M]*. Anal. Calcd for CMHangOsW4: C, 32.57; H, 1.86.
Found: C, 32.56; H, 1.90.

X-ray Data Collection, Structure Determination, and
Refinement for [Wz(z-PhC;AuPPhy)(CO)4(5-CsHs)2) (1b).
A single crystal of ca. 0.20 x 0.24 x 0.32 mm was selected
and used for data collection. The crystallographic data are
summarized in Table 2. Data were collected at room tem-
perature on a Philips PW 1100 diffractometer, using the
graphite-monochromated Mo Ko radiation (1 = 0.71073 A) and
the 6/20 scan type. The reflections were collected with a
variable scan speed of 3—12° min~! and a scan width from (8
— 0.60)° to (8 + 0.60 + 0.346 tan 6)°. Of 7638 unique
reflections, with 6 in the range 3-27°, 3865 with I > 20(]) were
used for the analysis. One standard reflection was monitored
every 50 measurements; no significant decay was noticed over
the time of data collection. The individual profiles have been
analyzed following the method of Lehmann and Larsen.?
Intensities were corrected for Lorentz and polarization effects.

(23) Lehmann, M. S.; Larsen, F. K. Acte Crystallogr., Sect. A 1974,
30, 580.
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A correction for absorption was applied (maximum and
minimum values for the transmission factors were 1.217 and
0.809).24

The structure was solved by direct and Fourier methods and
refined first by full-matrix least-squares with isotropic thermal
parameters and then by full-matrix least-squares with aniso-
tropic thermal parameters for all non-hydrogen atoms. All
hydrogen atoms were placed at their geometrically calculated
positions (C—H = 0.96 A) and refined “riding” on the cor-
responding carbon atoms. The final cycles of refinement were
carried out on the basis of 437 variables; after the last cycles,
no parameters shifted by more than 0.61 esd. The biggest
remaining peak (close to a W atom) in the final difference map
was equivalent to about 1.16 ¢/A3. In the final cycles of
refinement a weighting scheme, w = K[o%F,) + gF,?|7! was
used; at convergence, the K and g values were 0.626 and
0.0018, respectively. The analytical scattering factors, cor-
rected for the real and imaginary parts of anomalous disper-
sions, were taken from ref 25. All calculations were carried
out on the GOULD POWERNODE 6040 and ENCORE 91
computers of the “Centro di Studio per la Strutturistica
Diffrattometrica” del C.N.R., Parma, Italy, using the SHELX-
76 and SHELXS-86 systems of crystallographic computer
programs.?® The final atomic coordinates for the non-hydrogen
atoms are given in Table 3. The atomic coordinates of the
hydrogen atoms are given in Table SI and the thermal
parameters in Table SII of the supplementary material.
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Ab initio CASSCF/CASPT2 calculations have been carried out on the V;N2Hg complex, as
a model of a series of (cyclobutane)diazadivanadium complexes, in order to study the
electronic structure and bonding in these complexes. Analogous calculations were performed
also on the cationic and anionic species in order to study the behavior of the complexes
toward oxidation and reduction. Geometry optimizations have been performed on the lowest
singlet and triplet states and on the ground states of the ions, using wave functions of the
restricted active space (RAS) SCF type. Dynamic correlation effects are included by means
of second-order perturbation theory (CASPT2) with a CASSCF reference function based on
an active space comprising the V-V bonding and antibonding orbitals. The results indicate
the presence of a weak ¢ metal—metal bond and a relatively large singlet—triplet splitting
(8400 cm™1), with the singlet as the ground state. The computed structure for the singlet

state is in agreement with experiment.

1. Introduction

The synthesis of a series of novel binuclear complexes
of V(IV) with two bridging arylimido ligands has re-
cently been reported.! Complexes, of the type {LoVIu-
N(p-MeCeH4)]}2 with L = CHzPh, Mes = 2,4,6-Me306H2,
hereafter called complex 1 and 2, respectively, show a
short V-V distance in the range 2.45—2.50 A. Although
rare, analogous compounds with heteroatom ligands on
vanadium atoms have also been synthesized with
similar V-V distances.2~¢ Such bond lengths fall in the
typical range for single vanadium—vanadium bonds.5
Magnetic susceptibility measurements! indicate dia-
magnetic character and therefore spin pairing of all the
electrons. Both features suggest a single bond between
the two V(IV) d! species. However there are only few
examples of metal-metal bonded divanadium com-
plexes® and they must be considered labile entities.
Moreover, recent ab initio calculations on bridged di-
nuclear complexes of early-transition metalsé~1% have
shown an interesting interplay between the metal—

@ Abstract published in Advance ACS Abstracts, November 1, 1994.
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metal and the metal—ligand interactions. It is therefore
of interest to study theoretically the electronic structure
and the chemical bonding in such complexes. The real
systems have two transition metals and large ligands,
which would be prohibitively expensive for accurate ab
initio calculations, especially when correlation energy
is to be included and geometry optimization is to be
performed. Two strategies are usually employed in such
cases: either to deal with real systems performing low
accuracy calculations or even using model hamiltonians
(e.g. extended Huckel) or to perform highly accurate
calculations on appropriate model systems. We have
chosen the latter approach, taking the {HaV(u-NH)}s
species, 3, as a model system of these complexes and
performing accurate ab initio calculations. The chosen
system is in our opinion a chemically significant model
and represents well the VaNj unit of the real complexes
1 and 2. The ab initio complete active space (CAS) SCF
method and second-order perturbation theory correction
(CASPT?2) to the CASSCF wave function have been used
with the molecular orbitals expanded in atomic con-
tracted Gaussian-type functions. The CASSCF method
is used to obtain a zeroth-order wave function where
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all spin couplings in the vanadium atoms 3d shell are
properly treated and near degeneracy effects are taken
into account. The CASPT2 correction to this CASSCF
wave function is used to account for the dynamic
correlation effects which are necessary in order to make
reasonable quantitative predictions of the singlet—
triplet splitting energy. The CASPT2 method has
recently been shown to yield accurate binding energies
for the transition metal diatomics Niz and Cug.!® As
the complexes discussed here are reported to show an
interesting redox reactivity,! analogous calculations
have been performed also on the cationic and anionic
species in order to study their behavior toward oxidation
and reduction.

2. Computational Details

Generally contracted basis sets of the averaged atomic
natural orbital (ANO) type have been used throughout
this study. They have been obtained from (17s12p5d4f),
(14s9p4d3f), and (8s4p3d) primitive sets for the vana-
dium, nitrogen, and hydrogen atoms, respectively. The
ANQ’s were constructed by averaging over several
atomic states and positive and negative ions.!” They
were contracted to [V,6s4p3d1f}, [N,4s3p2d1f], and [H,-
3slpl.

The lowest states of singlet and triplet character were
studied at essentially two levels of accuracy. The
purpose was to compute the relative energies of the
different spin states using multiconfigurational second-
order perturbation theory (CASPT2).18-20 The CASPT2
calculation is based on a reference function of the
complete active space (CAS) SCF type.?l?2 Thus a
CASSCEF calculation has first to be carried out. The
choice of the active orbital space is crucial, since it is
important that all near-degeneracy effects are included
at the CASSCF level. If not, CASPT2 will not be a valid
approach for treating remaining correlation effects. In
a weakly bonded system like VoNoHg, it is not obvious
which orbitals have to be included in the active space.
Therefore the restricted active space (RAS) SCF method?
was used in the preliminary studies. This approach was
also used for the geometry optimizations.

In the CASSCF method,?122 the wave function is
defined through the choice of the active orbital subspace
and the number of active electrons. The wave function
includes all the configuration state functions which can
be generated by distributing the active electrons among
the active orbitals in all possible ways. In the {HyV-
(u—NH)}2 molecule there are 26 valence electrons and
26 valence orbital which would lead, of course, to an
active space much too big for a feasible CASSCF
calculation. After some trial studies, we realized that,
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for a balanced description of the electronic structure in
the metallacycle unit, the wave function should include
terms necessary to describe at least the vanadium-—
vanadium, the vanadium—nitrogen, and the vanadium—
hydrogen bonds. However, this leads to an active space
of 22 orbitals with 22 electrons, which is still prohibi-
tively big for a conventional CASSCF calculation. We
therefore used a restricted active space (RAS) SCF
scheme. This is a generalization of the CASSCF method
in which, instead of a single active space, three active
spaces are distinguished and called RAS-1, RAS-2 and
RAS-3, respectively. Again, a certain number of elec-
trons are distributed among the three orbital spaces,
but now with the added restriction that at most a
specified number of holes are allowed in the RAS-1
space and at most a specified number of electrons are
allowed in RAS-3. The present RASSCF wave function
used 22 active orbitals corresponding to the V 3d, N 2p,
and H(V) 1s orbitals. Two of these orbitals (the HOMO
and the LUMO) were placed in the RAS-2 space; at most
two holes were allowed in the RAS-1 space and a
maximum of two electrons in RAS-3. This is equivalent
to performing an MR-SDCI calculation with one (or two)
reference configurations, in a small but optimized
orbital space. The two reference configurations (one for
the triplet state) are necessary to take into account the
near degeneracy of the HOMO and LUMO orbitals,
which leads to a high weight of the biexcited configura-
tion. The RASSCF calculations showed that apart from
the HOMO—-LUMO pair, no severe near degeneracies
occurred in the wave function. It was therefore decided
that a CASSCF wave function with two active orbitals
should be used as the reference function for the CASPT2
treatment.

In the CASPT2 method, a Méller—Plesset-like second-
order perturbation theory is used, with the CASSCF
wave function as the unperturbed wave function. The
zero-order hamiltonian is built from a Fock-type one-
electron operator that reduces to the Moller—Plesset
operator for a closed-shell case. The CASPT2 method
computes the first-order wave function and the second
order energy in the full space of configurations gener-
ated by the basis set. All calculations were performed
in the “nondiagonal” approach, i.e. the full Fock matrix
(including the nondiagonal elements) were used in the
construction of the zero-order hamiltonian. For both the
singlet and the triplet states the CASSCF calculation
with two electrons in two active orbitals (the HOMO
and LUMO) was followed by CASPT2 calculations
differing only in the number of correlated electrons. In
a first calculation all valence electrons, originating from
the vanadium 3d, the nitrogen 2s, and 2p, and the
hydrogen 1s orbitals, were correlated; in the second
calculation also the vanadium core 3s and 3p orbitals
were included. Recent studies of the electronic spectra
of transition metal ions have shown that 3s,3p correla-
tion effects can have a sizable effect on relative ener-
gies?* which is to a large extent determined by (3p)2 —
(3d)? type excitations. Studies of hexacyanometalate
complexes?3 showed that these core correlation effects
are not specific to the free atoms, but also occur in

(24) Pierloot, K.; Tsokos, E.; Roos, B. O. Chem. Phys. Lett. 1998,
214, 583.
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Figure 1. The model system {HgV(/l—NH)}z studied.

Table 1. Optimized (RASSCF) Geometries for the
[V2N;H;] Complex in the Lowest Singlet and Triplet States
(units, angstroms and degrees)

v-v V-N V-H N-H ZHVH

1A, 2.438 1.836 1.668 0.997 123.5
By 2.691 1.860 1.667 0.996 121.2
expl® 2.487 1.853

@ For the {(Mes),V[u-(p-MeCsHa)1}2 complex.

Table 2. Calculated Triplet—Singlet Splittings, cm™2, at
Different Levels of Theory

RASSCF CASPT2 CASPT2 (3s,3p)
AEgy (vertical) 6500 9550 9860
AEgr (adiabatic) 4060 7450 8400

complexes. Their importance for the singlet—triplet
splitting in the present system therefore cannot be
neglected.

Geometries have been optimized at RASSCF level for
both the lowest singlet and triplet states under a Dy,
symmetry constraint. The coordinate system has been
chosen such that the z axis is in the V-V direction and
the planar VN3 unit lies in the yz plane (cf. Figure 1).
All computations were performed with the MOLCAS-2
quantum chemistry package,?® implemented on IBM
RS6000 workstations.

3. Results and Discussion

The RASSCF geometry optimization of the complex
3 in the lowest singlet and triplet states leads to the
optimized geometries reported in Table 1. The relative
energies of the two electronic states are presented in
Table 2. At all levels of theory, the ground state is a
closed shell 1A, state with the lowest triplet state, 3By,
about 1 eV above. The dynamic correlation effects
treated with the CASPT2 method leads to an increase
in the energy separation. A slight further increase is
obtained by including also the 3s,3p correlation effects.
The optimized geometry for the singlet state of the
model molecule is close to the experimental geometry
for complex 2. This confirms the close analogy of the
chosen model to the real molecule. The optimized

(26) Andersson, K.; Blomberg, M. R. A,; Fiilscher, M. P.; Kells, V;
Lindh, R.; Malmgvist, P.-A; Noga, J.; Olsen, J.; Roos, B. O.; Sadlej, A.
J.; Sieghahn, P. E. M.; Urban, M.; Widmark, P.-O. MOLCAS Version
2 Usder’s Guide. Dept. of Theor. Chem., Chem. Center, Univ. of Lund,
Lund, 1992.
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Table 3. Natural Orbital Occupation Numbers for the
Lowest Singlet and Triplet States of [V,N,Hg], Metal
Character, and Metal Bonding Character of These Orbitals

singlet triplet

NO occC no. metal % 0CC no. metal % character
9ay 1.97 8 1.98 9 o)
4bs, 1.96 22 1.97 25 i1
Sba 1.98 18 1.97 19 7
1byg 1.95 19 1.96 20 [}
b1 1.97 27 1.97 28 %
3bse 1.97 19 1.98 21 T

10a, 1.69 99 1.00 98 g
8byy 0.31 91 0.99 98 a*

geometry for the triplet state is, instead, very different,
with a much longer V-V distance.

An analysis of the electronic structure of the singlet
ground state may be obtained from the RASSCF calcu-
lations. The leading configuration in the final RASSCF
expansgion corresponds to (3do)?, which has a weight of
73%. The second most important configuration cor-
responds to a (3do)? — (8do*)? electron excitation with
a weight of 12%, while all other configurations account
for less than 0.5% each. The results of the RASSCF
calculation can also be interpreted in terms of popula-
tion of bonding/antibonding pairs of natural orbitals
(NOs) with some metal character. Table 3 gives the
natural orbital occupations of these NOs for both the
singlet and the triplet states. It is clear from these
results that there is only one pair of orbitals with the
dominating metal character, (10a,/8b1.), corresponding
to the vanadium o and o* orbitals. A more detailed
analysis of these two natural orbitals reveals that 10a,
has a metal—metal bonding character and is essentially
built from overlapping hybrid 3d orbitals (about 89%
d;2 and 11% d,2-,2), while 8byy is the corresponding
antibonding orbital.

Moreover the occupation analysis gives for the singlet
state a o1-69*0-31 configuration, which is characteristic
of a relatively strong metal-metal bond. We recall!? that
the relative distribution of the population between the
bonding/antibonding pair of NOs determines the degree
of delocalization of the corresponding electron pair.
That is, an almost zero population of the antibonding
NO indicates an almost complete delocalization of the
electron pair and therefore a strong metal-metal bond,
while nearly equal populations for the two NO indicates
an almost complete localization of the two electrons, one
on each metal atom, and antiferromagnetic coupling
between them. This metal-metal bonding picture is
consistent with the computed relatively large singlet-
triplet energy splitting, which at the most accurate
CASPT2 level is 9860 cm™l, in agreement with the
diamagnetic character observed for such complexes.
Although the formal V-V bond order in this V(IV)-V(IV)
complex is 1, the partial occupation of the o* NO leads
to an actual lower bond order. Indeed, the bond order
computed from the RASSCF wave function as

1/2 ZN olo (Vzbond) —0 (Vza.ntibond)]

where o(Vai) represents the contribution of the occupa-
tion of orbital i, which can be assigned to the dimetallic
unit on the basis of the metal character of that orbital,
is 0.7 and clearly shows the partial localization effects.

The electron density generated by this o/c* NO pair
is represented in Figure 2. It shows the mainly d.:
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Figure 2. Plot of the summed electron density from the
V-V bonding and antibonding orbital pair. The values of
the density contours are +0.30, +£0.25, £0.20, +0.15, £0.10,
+0.04, £0.02, £0.01, £0.005, £0.0025, and +£0.00125 e/au’.
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Figure 3. The six molecular orbitals involved in the
bonding of the vanadium atoms to the ligands.

character of the d hybrids, which constitute such bond-
ing/antibonding pair, with a minor 3d,2-,2 component.
As Table 3 illustrates there are also six lower lying
frontier orbitals with a relevant metal character, namely
9ay, 4bzy, 5bay, 1byg, 71y, and 3bsg, showing an almost
negligible degree of localization (with occupations in the
range 1.96—1.98). These six bonding orbitals represent
essentially the four combinations of the 2p, and 2p,
orbitals of the bridging nitrogen atoms with the unoc-
cupied metal—metal orbitals of appropriate symmetry
in the metallacycle plane (yz), and the analogous two
combinations of the 2p, nitrogen orbitals with cor-
responding 3d metal orbitals (cf. Figure 3). The cor-
responding electron pairs take part in delocalized
metal—bridging ligand interactions giving rise to the
four vanadium—nitrogen o bonds and two delocalized
7 bonds of the metallacycle moiety. The 7 or § metal—
metal bonding character of four of these orbitals over-
comes the antibonding character of the remaining two
(see Table 3) and indicates an appreciable net contribu-
tion to the V-V bond order (about 0.2 of mainly =~
character). Thus, the overall metal—metal interaction
results from the interplay of the direct vanadium-
vanadium bond and through the vanadium-—ligand
bonds. This bonding picture for the metallacycle moiety
is in agreement with intuitive considerations based on
the ionic and covalent models that are commonly used

Re et al.

Table 4. Atomic Charges and Partial Mulliken Gross
Atomic Populations for the Lowest Singlet and Triplet States
of [V;N;H¢] Complex and for the H,V3* Fragment in Its 2A,

Ground State

singlet triplet fragment

V charge 1.05 1.10 1.84
4s 0.50 0.51 0.35
4p 0.32 0.33 0.18
3d, 0.93 0.99 0.96
3de-y 0.73 0.64 0.50
3d,, 0.25 022 0.00
3d,, 0.78 0.72 117
34, 0.38 042 0.00
3d 3.07 3.00 2.63
H(V) charge -0.20 —-0.20 +0.08
NH charge —0.66 —0.69

in connection with electron counting. Indeed, the imino
ligands must be formally considered as (HN)?~ while
the metal is V(IV). Each vanadium ion (with a d!
configuration) accepts one electron pair from each of the
NH ligands, forming two V—N o bonds, and one n
electron pair from one of the NH ligands, forming a
delocalized V—N & bond of order 0.5 with the two imino
ligands. The d electrons on the two vanadium atoms
couple together to form a ¢ metal-metal bond. This
picture is confirmed by the Mulliken population analysis
of the RASSCF wave function reported in Table 4.

The Mulliken gross atomic charge on each metal atom
is 1.05, which is of course much lower than the formal
4 value because of the covalent bonding with the
bridging NH and the hydrogen ligands. An analysis of
the interactions within the metallacycle moiety can be
performed by comparing the Mulliken analysis popula-
tion of our complex with that of the monomeric HaV2*
fragment, also reported in Table 4. For these fragments,
still of V(IV) character, the positive net charge is 1.84.
The metallacycle formation thus leads to a reduction of
the vanadium charge by 0.79 units. Most of this extra
electronic charge is distributed on the metal 3d,2-,2, 3d,,,
3d,;, and 3d,, orbitals and is due to the bonding
interactions of these formally unoccupied 3d orbitals
with the NH bridging ligands within the metallacycle
unit as described above. Among the results of our
calculations, we see from Table 4 that the 10a; NO
representing the V-V ¢ interaction is an almost pure
(99%) metallic orbital. Although unusual in SCF or
semiempirical calculations, in which a relevant contri-
bution from the NH o lone pair is expected (see, for
example, ref 27), a HOMO of almost pure metallic
character describing a metal—metal bond may be quite
common in accurate calculations including electron
correlation,11-13

The electronic structure of the triplet state, 3By, is
described by a olo*! configuration (cf. Table 3) cor-
responding to a nonbonding character of the metal—
metal interaction. However, the nature of the metal—
bridging ligand interactions in this triplet state is
essentially identical to that found for the singlet state
and described above. This is further illustrated by the
NO occupation numbers and the Mulliken analysis
presented in Tables 3 and 4. The character of the bond
is reflected in the optimized geometry found for the
triplet state where the metal—metal distance is elon-
gated to 2.69 A (typical of nonbonded V-V interactions).

(27) Shaik, S.; Hoffmann, R.; Fisel, C. R.; Summerville, R. H. J. Am.
Chem. Soc. 1980, 102, 4555.
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Table 5. Optimized Geometries for the Dication,
Monocation, Monoanion, and Dianion Species in Their
14,, %A, ?By,, and 'A, Ground States (units, angstroms

and degrees)
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Table 8. Atomic Charges and Partial Mulliken Population
Analysis for the Dication, Monocation, Monoanion,
and Dianion Species in Their 'A,, 24,, 2By,, and 4,

Ground States

V-V V-N V-H N-H ZHVH

dication 2.688 1.811 1.585 1.015 123.9
monocation 2.549 1.816 1.626 1.003 125.0
monoanion 2.537 1.870 1.759 1.007 116.5
dianion 2,625 1.922 1.836 1.000 104.4

Table 6. Relative RASSCF and CASPT2 (both with and
without 3s,3p correlation) Energies (in kcal/mol) for the
Dication, Monocation, Monoanion and Dianion Species in
Their 'A,, 2A,, *B1., and 'A, Ground States, with Respect to
the Ground State of the Neutral Compound

RASSCF CASPT2 CASPT?2 (3s3p)
dication 488 512 502
monocation 184 150 142
monoanion —-28 -30 -29
dianion 63 122 120

Table 7. Natural Orbital Occupation Numbers for the
Dication, Monocation, Monoanion, and Dianion Species in
Their A,, %A, By, and !4, Ground States

NO dicat monocat monoan dian
9ag 1.98 1.95 1.96 1.96
4bs, 1.96 1.97 1.98 1.98
Sbay 1.98 1.96 1.97 1.97
1big 1.95 1.98 1.98 1.98
7b1u 1.97 1.97 1.97 1.98
3bog 1.97 1.98 1.96 1.96
10a, 0.02 0.96 1.91 1.98
8b1y 0.01 0.09 1.03 1.97

The structure is, however, still kept together by the
strong metal—bridging ligand interaction. The vertical
singlet—triplet energy separation computed at the most
accurate CASPT2 level is 9860 cm™! (¢f. Table 2). The
large values found for this splitting rules out any
possible thermal contamination of the singlet ground
state and is therefore in agreement with the diamag-
netic character found experimentally for the complexes
1 and 2. From Table 2 we see also that geometry
relaxation leads to a slightly lower value of the adiabatic
singlet—triplet splitting, 8400 cm™!. It is moreover
worth noting that the energy splitting depends on the
inclusion of dynamic correlation. The RASSCF calcula-
tion underestimates the splitting, which is probably due
to the inadequate accounting for the differential Pauli
correlation effects in the RASSCF wave function.

We have performed RASSCF and CASSCF/CASPT2
calculations also on the mono— and dianion and on the
mono— and dication species, {HaVIx-NH1}22*, 4, {HV-
Lu'NH]}2+: 5’ {sz[/"NH]}Z_, 6’ and {HZV[ﬂ'NH]}ZZ_y
7, in order to study the behavior of complex 3 toward
reduction and oxidation. The corresponding optimized
geometries and relative energies are reported in Tables
5 and 6. In Table 7 we report the natural orbital
occupation numbers of the NOs with some metal
character for all four charged species. A detailed
analysis of the orbitals shows that they are qualitatively
similar to those of the neutral species 3, describing the
o and 7 vanadium bridging ligands interactions and
discussed above. However, all these orbitals have a
higher metallic character in the cationic species and a
lower metallic character in the anionic species. More-
over, from Table 7 we note that the configurations for
these four charged species are approximatively (3do)°-
(3do*)°, (3d0)'(3do™*)?, (3do)%(3do*)!, and (3d0)%(3do*)?,

dicat monocat monoan dian
V charge 1.32 1.14 1.11 1.18
4s 043 0.51 0.48 0.40
4p 0.28 0.31 0.31 0.28
3d, 0.11 0.45 140 1.86
3do-y2 0.86 0.86 0.57 041
3dy, 0.25 0.25 0.23 0.17
3d,, 1.07 0.93 0.58 0.42
3dy, 0.72 0.50 0.26 0.23
3d 3.01 3.00 3.04 3.09
H(V) charge 0.09 —0.04 —-0.39 —0.58
NH charge -0.50 —0.55 —0.82 —-1.02

respectively, going from the dication to the dianion,
which formally corresponds to no metal—metal bond for
the dication and the dianion species ... to a weak metal—
metal bond (with a bond order of about 0.5) for the
monocation and the monoanion. The different V-V
bond strengths resulting from these electronic struc-
tures are reflected by the optimized geometries (cf. Table
5), with a metal—metal distance of 2.60—2.70 A for the
dication and dianion species, similar to that found for
the triplet state of the neutral species and typical of
nonbonded V-V interactions, and of 2.50—2.55 A for the
monocation and monoanion species, intermediate be-
tween those of the singlet and triplet states of the
neutral molecule.

The Mulliken analysis population for all these four
charged species is given in Table 8. The main interest-
ing feature in these results is the small change of the
charge on the vanadium atom in going from the dication
to the dianion. This redistrubution of the electron
charge removed from or put into metallic 3do or 3do*
orbitals can be ascribed to the change in the metallic
character of all the low lying frontier orbitals going from
the neutral species to the cationic and anionic species,
as reported above. A large fraction of the extra charge
is located at the four hydrogens directly bound to the
metal. Although this effect could be partly due to the
extended basis set with many polarization functions, it
is significant and should be even larger in the real
system where hydrogens are substituted by the more
polarizable mesityl groups. The hydrogen atoms
(mesityl groups in the real system) act as effective
reservoirs for the electrons put on the HOMO and
LUMO orbitals.

The analysis of the six low lying frontier orbitals
representing the o and 7 vanadium—bridging ligand
interactions for ionic species 4—7 shows that metal—
bridging ligand bonding is not overly weakened by
oxidation or reduction. Moreover, the obtained V-N
bond distances, although slightly elongated with respect
to the neutral molecule in the anionic species, still fall
in the range of typical vanadium—nitrogen bonds for all
the four ionic species. This suggests that, in spite of
the two lost or gained electrons, the metallacycle VoNs
unit is still a fairly strongly bound moiety so that
complex 8 should survive both one or two electron
oxidation or reduction steps. Considering the energy
needed to form the four ionic species from complex 3
(cf. Table 6), it is found that mono- and dioxidation
requires much energy (142 and 501 kcal/mol, respec-
tively) while mono and direduction are much easier with
the first electron affinity positive; that is, the monoanion
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Dication

Monoanion

Dianion

Figure 4. Plots of the total density difference between the ionic species and the singlet ground state of the molecule. The
figures show the density shifts in the VNVN plane with the vanadium atoms along a horizontal axis. Full contours
correspond to an increased density and dashed contours to a decreased. The values of the density contours are +0.032,
+0.0186, +0.008, +0.004, +0.002, +0.001, +0.0005, and +0.00025 e/aud.

is lower in energy than the neutral complex (by 29 keal/
mol). Also the computed energy required for the double
reduction of the model {HyV[u-NH]}s complex is only
120 keal/mol and will be even lower considering that
the real system has six mesityl groups instead of
hydrogens which, because of their electron withdrawing
properties, should further stabilize the dianion species.
Moreover, taking into account solvation effects in the
real liquid phase reactions, the results above suggest
that monoreduction of complex 3 in solution should be
easy and that also its direduction could be possible. The
value for the second electron affinity is in a way
artificial, since it has been computed to be negative.
However, the extra electron naturally goes into a 3d
antibonding orbital, which then becomes a closed shell.
The calculation therefore describes the situation which
would occur in solution, where the dianion is stable and
the computed energy is more a measure of the solvation
energy needed to make the ion stable. There is a strong
negative correlation contribution to the relative energy
of the dianion. The CASSCF value is only 63 kcal/mol,
which is almost doubled at the CASPT2 level of theory.
This is somewhat surprising, since dynamic correlation
is normally more important in the negative ions than
in the corresponding neutral species.

The electron density difference for the four ionic
species is shown in Figure 4. It is clear that ionization
leads to a decreased density in the V—V bonding region,
which is to some extent compensated by an increased
density in the V—N and V—-H regions. As a result, the
corresponding bond distances decreases (cf. Tables 1 and
5). In the anions the extra electron goes into the
antibonding V-V orbital, so even if the figure shows
an increased density in this region the bond distance
will increase. The decreased density in the V—N and
V—H regions leads to elongated bonds.

The results obtained for the mono- and dianionic
species indicate that the 8b;, LUMO can be seen as a
low-energy orbital available for the molecule to easily
accept one or two electrons without undergoing drastic
structure i alterations, the extra charge being buffered
into the hydrogen atoms (mesityl groups).

4. Conclusions

The electronic structure and geometry of the model
compound {HoV[4#-NH]}s in its lowest singlet and triplet
state has been determined using multiconfigurational
SCF methods with dynamic correlation effects on the
total energy obtained using second-order perturbation
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theory. The molecule has been found to have a singlet
ground state with the lowest triplet state about 1 eV
higher in energy. The computed equilibrium geometry
is in agreement with measured data for related com-
pounds. Analysis of the wave function shows that the
two vanadium atoms are bound together with a single
bond in the singlet state, while no such bond exists in
the triplet state. Corresponding calculations on the
positive and negative ions yields structures with half a
bond for the singly ionized systems and no V-V bond
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for the doubly ionized systems. The first electron
affinity is found to be positive.
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Hydrosilation of o,3-unsaturated carbonyl compounds catalyzed by hydridotetrakis-
(triphenylphosphine)rhodium(I) (1) was found to be highly regioselective, depending on the
silanes used. Diphenylsilane was found to give 1,2-hydrosilation, whereas dimethylphe-
nylsilane and other monohydrosilanes gave 1,4-addition. The kinetic isotope effect of the
hydrosilation reaction was examined, and a mechanism was proposed to account for the

regioselection and the kinetic isotope effect.

Introduction

Reactions which selectively reduce o,5-unsaturated
carbonyl compounds are of considerable interest for
organic synthesis. Among the many procedures avail-
able, metal complex catalyzed homogeneous hydrosila-
tion?! offers some interesting advantages. For example,
regioselective 1,4-reductions of a,S-unsaturated carbonyl
compounds with hydrosilanes give the corresponding
enol silyl ethers, which are themselves useful synthons.2
A number of metal complexes can be used as catalysts
for the hydrosilation reaction.?® Of particular signifi-
cance is the report by Ojima that tris(triphenylphos-
phine)chlororhodium (2) catalyzed by the reduction of
o.,B-unsaturated carbonyl compounds regioselectively.
Recently, we found that hydridotetrakis(triphenylphos-
phine)rhodium (1) is an efficient catalyst for the 1,4-
reduction of ¢,5-unsaturated carbonyl compounds to
give the corresponding enol silyl ethers.5 We have since
found that the same catalyst 1 can also be an efficient
catalyst for the 1,2-reduction reactions when di- or
trihydrosilanes are used in the hydrosilation reactions.
Compared to 2, catalyst 1 appears to offer milder
reaction conditions and higher regioselectivity. We
describe here an account of our research on this subject.

Results and Discussion

1,2-Hydrosilations. A number of carbonyl com-
pounds were reduced to the corresponding alcohols
(after hydrolysis of the silyl ether products) with diphe-
nylsilane or phenylsilane using 1 as the catalyst (Scheme
1). The results are summarized in Table 1. Of the 8-
unsaturated ketones examined (entries 1—4, Table 1),

® Abstract published in Advance ACS Abstracts, November 1, 1994,
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Scheme 1
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only 1,2-reduction products were obtained. No detect-
able 1,4-reduction products were observed in the 'H
NMR of the crude product mixtures prior to hydrolysis,
and GC analyses of the allylic alcohols 3a—c showed
the absence of the corresponding saturated ketones. In
the case of carvone (2¢), the product was a mixture of
cis- and trans-carveol in a ratio of 65:35. Such stereo-
selectivity is similar to the results reported in the
literature for the hydrosilation of 2¢ using ((+)-DIOP)-
Rh as catalyst.® In the reduction of cholestenone 2d
(entry 4, Table 1), cholestadiene 3d was obtained as the
sole product in good yield, presumably due to the acid-
catalyzed elimination of the allylic alcohol in the hy-
drolysis step. The 1,4-reduction product, cholestanone,
was not observed.

Simple ketones can be reduced effectively as well.
The reduction of 4-tert-butylcyclohexanone (5b) led to
two diastereomers, 7a and 7b, in a ratio of 84:16 (trans:
cis). This stereoselectivity appeared to be superior to
that reported previously for similar hydrosilation,’
indicating a preference for axial attack during the
course of hydrosilation. Such stereoselectivity is also
evident in the reduction of 2e. The only product
obtained was the alcohol 3e. On the other hand,
reduction of camphor (5¢) gave a mixture of two dia-
stereomers (7c¢ and 7d) in a ratio of 64:36, a stereose-
lectivity which is somewhat lower than expected from
similar hydrosilations reported previously.? Interest-
ingly, the catalyst 1 tolerated the presence of the
hydroxy group in the substrate (5e), an observation

(6) Kogure, T.; Ojima, 1. J. Organomet. Chem. 1982, 234, 249.

(7) Nishiyama, H.; Park, S. B.; Itoh, K. Tetrahedron: Asymmetry
1992, 3, 1029.

(8) French Patent 2,187,798, 1974; Chem. Abstr. 1974, 81, 25799c¢.
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Table 1. 1,2-Hydrosilation of Carbenyl Compounds with Ph,SiH,

entry no. substrate amt of Rh(I), % mol/mol; time, h® product? yield, %°
1 0 04;4 OH 83
2a 3a

2 0 03;4 OH 86

2b 3b
3 \(&/ 04; 12 \(&/ 84 (cis:trans = 65:35)

2c 2c
4 0.4;12 76
5 0o 0 0.5;12 56
2e

6 0 0.5;12 0 49 (19:1)

5a 6a 6b
7 o 0.3;5 5 5 OH 81 (trans:cis = 84:16)

t-Bu t-Bu
A A e
5b 7a 7b
8 04;7 85 (endo:exo = 36:64)
h.
° OH
5¢ 7c 7d
9 o 0 03;4 OH ©O 86
)J\/U\OMe )\/U\OMe
5d 7e
10 (o} 0.4; 12 OH 80
Mo OH
Se 7

@ Reaction time; CH,Cl, is the solvent used in all cases. ® The products are hydrolyzed products from hydrosilations. ¢ Purified yields.

which may well be useful in the synthesis of compounds
of biological interest. The presence of the thicether
function in the substrate (2e) presented no problem as
well. 1,3-Dicarbonyl compounds were also reduced in
a 1,2-reduction fashion. In the case of 5d, the chemose-
lective reduction of the ketone function over the ester
function is to be expected. Steric factors are likely to
play a role in the selective reduction of 5a in giving 6a
as the major product.

1,4-Hydrosilations. A number of a,8-unsaturated
carbonyl compounds were reduced by various monohy-
drosilanes with 1 as the catalyst to give the correspond-
ing enol silyl ethers (Scheme 2). The results are
summarised in Table 2. In all cases, only 1,4-reduction
was observed. By comparing the hydrosilation of 2a
with that of 2b, it is evident that substitution at the
B-position reduces the rate of reaction but did not
change the regioselection. In the case of 3,5-dimethyl-

Scheme 2
ﬁ\i (PhaP)sRhH
1
R2 \ R1
) R'R,SiH
H OSiR2R'
R2 = R!
4

2-cyclohexen-1-one (2h), the result was quite interest-
ing. Previously, it was reported that this substrate
underwent only isomerization of the C=C bond to form
3,5-dimethyl-3-cyclohexen-1-one, irrespective of the cata-
lyst or silanes used.? We found that 2h was reduced in
a 1,4-fashion to give 4h in good yield and with high
stereoselectivity (cis:trans = 92.8). Catalyst 1 is also
capable of mediating the hydrosilation of o, 3-unsatur-



72 Organometallics, Vol. 14, No. 1, 1995 Zheng and Chan

Table 2. 1,4-Hydrosilation of o 8-Unsaturated Carbonyl Compounds

entry no. substrate amt of Rh(I), % mol/mol; conditions silane® product? yield, %
1 o) 0.3; room temp. 12 h 8a OSiMe;CqHs 83
of 4f
2 0 0.3; room temp, 12 h 8a 0SiMesCeHs 84
2a 4a
3 0 0.4; room temp, 12 h 8a 0SiMe;CeHs 96
2g 49
4 o] 0.5;50°C,24h 8a OSiMe,CeHs 89
2b 4b
5 o] 0.5;50°C,24h 8a 0SiMe,CeHs 87 (cis:trans = 92:8)
2h 4h
6 0 0.2; room temp, 6 h 8a 0SiMe,CeHs 73 (E:Z=33:67)
/H /\,.r’
I 4l
2i
7 o] 0.2; room temp, 6 h 8a 0SiMeCeHs 82 (E:Z=177:23)
\)j\%'\'\.\ \)\H"\
2j 4
8 0 0.1; room temp, 0.5 h 8b 0SiMe,CH,CI 83
2a 4k
9 o] 0.3; room temp, 4 h 8h 0OSiMe,CH,CI 80
29 4i
10 0 0.2; room temp, 1.5 h 8b 0SiMe;CH,CI 85(EZ=1:2)
/Uj N
| 4m
21
11 Q 0.3; room temp, 10 h 8b OSiMe,CH,C! 83(E:Z=4:1)
\)v"'\—‘ \)\r/"\
2j 4n
12 o] 0.3; room temp, 12 h 8c OSi(OEt)3 93
2a 40
13 Q 0.3; room temp, 20 h 8¢ OSI(OEt)s 75 (E:Z = 56:44)
)H )\ﬂ"
| 4p
2i
14 o] 0.3; room temp, 1.5 h 8a 0SiMe,CgHs 91
Meo)kﬂ/ M eo/ﬁ/
2k 4q
o}
15 0 0.3; room temp, 12 h 8a OSiMe,CeHs 85
ﬁ $
2 4r

7 8a, PhMe;SiH; 8b, (CICH:)Me;SiH; 8¢, (EtO)sSiH. » The products were distilled via Kugelrohr apparatus.



Hydrosilation Catalyzed by an Rh(I) Complex

Organometallics, Vol. 14, No. 1, 1995 73
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ated esters to give the corresponding silyl ketene acetals
(entries 14 and 15). Transition metal catalyzed hy-
drosilation of a,8-unsaturated esters have previously
been reported.l® Since silyl ketene acetals are useful
synthons as well as in group transfer polymerization,!!
the present catalytic process may find considerable
applications. Finally, functionalized silanes are com-
patible with catalyst 1 and can be used in the hydrosi-
lation reaction. Thus, triethoxysilane (8c) and (chlo-
romethyl)dimethylsilane (8b) gave the corresponding
1,4-addition products. ,

Mechanism of Hydrosilation of Carbonyl Com-
pounds. The general features of the mechanism of
homogeneous hydrosilation reactions were first outlined
by Chalk and Harrod12 and subsequently elaborated by
numerous studies.!®* In adapting the hydrosilation
mechanism to the reduction of carbonyl compounds, and
to account for the regioselection, Ojima proposed a
general mechanism for the hydrosilation of carbonyl
compounds as depicted in Scheme 3. The metal complex
undergoes insertion into the silicon hydrogen bond to
give the silyl metal hydride complex B. Coordination
of B with the carbonyl substrate gives C, in which there
is a four-membered ring. In the next step, the four-
membered ring is transformed into the o-metalated silyl
ether intermediate D. Reductive elimination of D gives
the 1,2-addition product G with the regeneration of the
metal M to start another catalytic cycle. Alternatively,
D can undergo an allylic rearrangement to give the
intermedi