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by silylation with ter?-butyldimethylsilyl chloride (TBDMSCl) 
at room temperature afforded the 3-TBDMS ether 14 (mp 
230-233 0C) in good yield. Fortunately, each of the three hydroxy 
groups in the 1,3,27-triol 13 could be distinguished, because the 
primary hydroxy group at C27 was not silylated under this con
dition probably due to the steric effect. Oxidation of 14 with 
w-CPBA to the sulfoxide followed by desulfenylation gave the 
unsaturated 5-lactone 15 (mp 197-198 0C), which had the same 
side-chain moiety as those of jaborosalactones. 

The final problem of the construction of the A.B rings was 
accomplished as follows. Selective protection of the hydroxy group 
at C27 with methoxyethoxymethyl chloride (MEMCl) was followed 
by oxidation with pyridium dichromate (PDC) at C1 to afford 
16, which was transformed into the 2,5-dien-l-one 17 in four steps. 
Epoxidation of 17 with m-CPBA gave a 1:2.5 mixture of two 
isomeric 5,6-epoxides, and subsequent separation by preparative 
TLC gave jaborosalactone A (la) as the minor and less polar 
5/3,6/3-epoxide. Treatment of the major and more polar 5a,6a-
epoxide 1813 (mp 254-256 0C) with 3% perchloric acid yielded 
jaborosalactone D (Ic). The reported isomerization of la with 
base4a or dehydration of Ic with p-toluenesulfonic acid gave ja
borosalactone B (lb). The physical and spectral data of the 
synthesized samples were identical with the published data.4 In 
addition, 1H NMR,15 HPLC, and CD data comparison of syn
thetic and natural materials of jaborosalactone A and B16 showed 
no differences. 
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Two of the most useful ligands in organometallic chemistry are 
the closed five-membered cyclopentadienyl ligand and the open 
three-membered allyl ligand.1 Very much neglected has been 
the chemistry of the related open five-membered pentadienyl ligand 
(I).2 Various considerations have led us to the conclusion that 
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Figure 1. 1H NMR spectra of (2,4-C7H,,)2Ti at -73 0C (below) and 
room temperature (above) in toluene-rfg. 
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Figure 2. Proton-decoupled (below) and -coupled (above) 13C NMR 
spectra of (2,4-C7H1 ̂ 2Ti at room temperature in benzene-rf6. 

such a ligand should be capable of imparting both stability and 
catalytic activity into its metal complexes, and as a result we have 
been pursuing the chemistry of such systems.3 Of initial interest 
have been bis(pentadienyl)metal complexes, which may be re
garded essentially as "open metallocenes". Such complexes should 
allow detailed physical and chemical comparisons between the 
pentadienyl and cyclopentadienyl ligands, as well as providing a 
great deal of information for open-ligand systems (e.g., allyl) in 
general, which is not available primarily due to the very low 
stabilities of most homoleptic metal-allyl complexes. Thus, we 
have already reported such open sandwich compounds of vana
dium, chromium, manganese, and iron.3 However, perhaps the 
most intricate metallocene chemistry has been exhibited by ti
tanium, for which the simple sandwich structure Ti(C5H5)2 is well 
known to be quite unstable relative to various other (often ex
tremely reactive) forms, which may contain fulvalene, 77',T^-C5H4, 
hydride, and perhaps other ligands as well.4 Indeed, even de-
camethyltitanocene possesses only limited stability.5 Because of 
the rich variety of chemistry demonstrated by the titanocene 
systems, it was anticipated that the chemistry of open-titanocene 
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(5) (a) The compound actually exists in equilibrium with (I)-C5-
(Cri3)5)(?j6-C5(CH3)4CH2)TiH and decomposes slightly above room tem
perature.5" (b) Bercaw, J. E. J. Am. Chem. Soc. 1974, 96, 5087. 
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systems would likewise prove interesting. In particular, the large 
size of a pentadienyl ligand would seem of benefit in stabilizing 
electron-deficient complexes, and the lack of aromatic character 
might prove a hindrance to ligand-metalation processes. We 
therefore set out to investigate the nature of possible open tita-
nocene compounds using the convenient 2,4-dimethylpentadienyl 
anion as a ligand source. 

The reaction of titanium dichloride, prepared in situ by the 
magnesium reduction of titanium tetrachloride, with the potassium 
salt of the 2,4-dimethylpentadienyl anion under nitrogen in THF 
at -78 0C leads to the formation of a deep green solution.6 After 
removal of solvent in vacuo, the product can be extracted with 
pentane and purified by sublimation and low-temperature (-78 
0C) crystallization to yield a pyrophoric, volatile, deep green 
low-melting product.7 Subsequent characterization of this ma
terial demonstrates that its true formulation is that of Ti(2,4-
C7H„)2 [2,4-C7H11 = 2,4-(CHj)2C5H5]-an unperturbed, diva
lent, 14-electron open-sandwich compound. This conclusion rests 
on the following data. The infrared spectrum of this compound 
is nearly identical with that of the well characterized V(2,4-C7-
Hu)2 counterpart.315 A room-temperature mass spectrum of this 
compound displayed parent-related peaks at m/e 238 (16%), 239 
(3.9%), and 240 (1.6%). The observed relative ratios of these peaks 
are in agreement with calculated isotopic ratios by assuming m/e 
= 238 as the parent peak, corresponding to TiC14H22

+. No ev
idence of hydride or any other extraneous ligand could be ob
served.8 The product is diamagnetic, as demonstrated by magnetic 
susceptibility measurements using the Evans solution NMR 
method.9 An isopiestic molecular weight determination in pentane 
proves the compound to be monomeric.10 1H and 13C NMR data 
have been obtained and are shown in Figures 1 and 2. Notably, 
seven resonances are observed in the 1H NMR spectrum, while 
only four were present in Fe(2,4-C7Hn)2.

3a It is therefore apparent 
that the two C7H11 ligands in Ti(2,4-C7Hn)2 are equivalent but 
lack the mirror plane of symmetry perpendicular to the idealized 
ligand plane. 

The room-temperature 1H NMR spectrum evidences substantial 

(6) (a) The preparation of the apparently divalent TiCl2 complex was 
carried out in a fashion similar to that for VCl2(THF)2, substituting Mg for 
Zn.6b The blackish solution and precipitate appeared similar to the reported 
TiCl2(THF)2.
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out under nitrogen, (b) Kohler, F. H.; Prossdorf, W. Z. Naturforsch., B 1977, 
32B, 1026. (c) Fowles, G. W. A.; Lester, T. E.; Walton, L. A. J. Chem. Soc. 
A 1968, 1081. 

(7) The product is isolated as a liquid. Repeated recrystallization does 
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a 20 0C cold finger in vacuo, yielding a liquid product that crystallizes on 
standing for a few days. 
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consistency. Anal. Calcd for C14H22Ti: C, 70.58; H, 9.31; N, 0.00. Found: 
C, 68.92; H, 9.43; N, 0.00. The elemental composition has been also verified 
by high-resolution mass spectroscopy: calcd 238.1201; found, 238.1215. (b) 
The absence of coordinated N2 has been verified by several observations. First, 
the Raman spectrum completely lacks any band corresponding to vN«N. In 
addition, the mass spectrum of the volatile compound contains no ion peaks 
due to a nitrogen adduct, and no color changes can be observed on sublimation 
(cf., (Cj(CH3)5)2Ti4c). Reaction with CO, 2,2'-dipyridine, and diphenyl-
acetylene takes place immediately without release of N2. The great differences 
in NMR patterns for Ti(2,4-C7HU)2 vs. Ti(2,4-C7H,,)2(CO) also argue 
against N2 coordination, (c) Reaction with equimolar methyl iodide leads to 
slow decomposition of some of the product. Only traces of methane are 
observed by gas chromatography (ca. 2% conversion from CH3I after 2 h). 
Reaction with an excess of methyl iodide leads to slow but complete decom
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methane. 
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(10) Found, 215. 

Figure 3. 1H NMR spectrum of (2,4-C7Hu)2Ti(CO) at room tempera
ture in benzene-d6. 
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Figure 4. 13C NMR spectrum of (2,4-C7H„)2Ti(CO) at room temper
ature in benzene-rf6. Not shown is the 13CO resonance at 255.9 ppm. 

broadening of all but the Hc resonances clearly due to a process 
in which the perpendicular mirror plane is becoming restored on 
the NMR time scale. Similarly, the 13C NMR spectrum displays 
seven resonances at room temperature, again indicative of the 
absence of the perpendicular mirror plane. The general order of 
resonances (quaternary > CH > CH2 > CH3) follows the same 
pattern as Fe(2,4-C7Hn)2 and is readily confirmed by the pro
ton-coupled spectrum.11 Again, substantial broadening of all but 
the CH resonance indicates the restoration of the perpendicular 
mirror plane by thermal motion. By 56 0C the quaternary res
onances have become a single very broad peak, the CH resonance 
remaining sharp, the CH2 resonances becoming a slightly 
broadened singlet, and the CH3 resonances becoming a broad 
singlet. Noteworthy is the apparent lack of decomposition observed 
in the period (1 h) required for high-temperature data accumu
lation. More detailed variable-temperature studies of this com
pound are in progress. It is quite clear, however, that the con
formational nature of this compound differs markedly from that 
of Fe(2,4-C7HU)2, and recent data allow a reasonable explanation 
of these observations. Molecular orbital calculations have indicated 
that 8 bonding appears to be the origin of the preference of an 
eclipsed conformation for the bis(pentadienyl)iron systems,3e as 
evidenced by the solid-state structure of Fe(2,4-C7Hu)2

3a as well 
as the theoretical calculations themselves. In the related V-
(2,4-C7Hu)2 compound, however, a staggered conformation is 
observed in the solid state (II). The apparent reason for this 

difference can be traced to the differing electron configuration 
for the iron and vanadium compounds, particularly the presence 
of only one unpaired electron in low-spin V(2,4-C7HH)2.

12 If 

(11) The resonances for the iron compound appear at 99.7, 93.9, 51.1, and 
26.8 ppm, while those for the titanium compound appear at 125.1, 122.3, 
116.6, 72.8, 71.9, 31.5, and 29.0 ppm. For comparison, at 56 0C the four 
resonances are observed at 123.5, 116.6, 72.5, and 29.9 ppm. All positions 
were obtained by use of C6D6 as internal standard and indirectly referenced 
to tetramethylsilane (5(C6D6) 128.5 vs. Me4Si). 
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the three electrons added on going from vanadium to iron are 
populating molecular orbitals having substantial metal dxy and/or 
dx2_yi character, one would expect an accompanying increase in 
the relative 5 bonding and a tendency toward adoption of an 
eclipsed conformation. Thus, staggered conformations should be 
most favored for metals having low d electron configurations. In 
these cases ligand rotation is apparently hindered by interligand 
repulsions, which are induced as an eclipsed conformation is 
approached. For proton site exchange to occur, the eclipsed 
conformations must be reached. 

Also very informative have been the reactions of 1"1(2,4-C7Hn)2 

with Lewis bases. Thus, exposure in pentane solution to CO results 
in a very rapid reaction, leading to isolation of a yellow solid 
product. The infrared spectrum of this compound is quite indi
cative of a monocarbonyl adduct,13 displaying a single sharp C-O 
stretching frequency at 1942 cm"1. The 1H and 13C NMR spectra 
(Figures 3 and 4) differ markedly from those of ^(2,4-C7H1 [)2, 
each displaying only four resonances attributable to the pentadienyl 
ligands, indicating either the restoration of the perpendicular 
mirror plane for the ligand or less likely a much lower activation 
energy to ligand rotation as compared to ^(2,4-C7H1 [)2.

14 A 
reasonable structural pattern might be based upon a near cis-
eclipsed ligand orientation in which the central portions of the 
ligands are bent toward one another so that the CO ligand is bound 
near the open portions of the pentadienyl ligands. A more precise 
understanding of the structures and energetics of these compounds, 
however, must await the completion of detailed variable-tem
perature NMR and X-ray diffraction studies. 

The above results demonstrate a variety of unique properties 
and potential applications for pentadienyl ligands. Certainly the 
stabilization of a simple very electron-deficient open titanocene 
contrasts remarkedly with the situation observed in the corre
sponding cyclopentadienyl systems. Perhaps as notable is the 
observation that even in the presence of a strongly coordinating 
ligand such as CO, the observed product adopts only a 16-electron 
configuration. Probably by virtue of their large size and low-
spin-generating properties, pentadienyl groups are quite clearly 
superb, and readily modifiable, ligands for the stabilization of very 
novel, electron-deficient complexes. Indeed, rapid reactions with 
PF3 and CO2 also take place, and the products are presently under 
study. These and other efforts to gain further insight into tita
nium—pentadienyl systems will be reported in due course. 
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(12) It seems likely that the low-spin configuration of the compound also 
serves as a major contributing factor to compound stability. Thus, while 
Fe(2,4-C7HU)2 has Fe-C bond distances slightly exceeding those of ferrocene 
(both compounds being diamagnetic),3" the average V-C bond distance in 
V(2,4-C7H,,)2

3d (2.21 A) is much shorter than that OfV(C5H5J2 (2.28 A), 
in which three unparied electrons are present. Note that in titanocene systems, 
two unpaired electrons are found.5 

(13) For comparison, the well-characterized (and more stable) (2,4-C7-
H,,)2V(CO) also has K(CO) 1942 cm"1. In (C5Hj)2V(CO), KCO) is 1884 
cm"1. Interestingly, the titanium carbonyl is much less air sensitive (appearing 
unchanged in several minutes) than (2,4-C7Hn)2Ti but is thermally much less 
stable, generally decomposing in a matter of hours during either NMR or 
X-ray diffraction studies. 

(14) For the 1H spectrum, the resonances are observed at 5 4.73, 2.77, 1.53, 
and 0.82 (indirectly referenced to Me4Si by using C6D5H (5 7.23) as internal 
standard). In the 13C spectrum, the ligand resonances appear at 116.8, 100.6, 
59.3, and 29.2 ppm, with the 13CO resonance at 255.9 ppm. These values are 
intermediate between values for the 14-electron (2,4-C7Hn)2Ti and 18-elec-
tron (2,4-C7Hn)2Fe. In all cases the assignments were confirmed with the 
aid of proton-coupled spectra. 
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I recently reported that Fe(CO)4 oxidatively adds H2 to form 
H2Fe(CO)4 in argon matrices.1 This was the first report of such 
activity for hydrogen in matrices although there were several 
reports of oxidative addition of methane and alkyl halides in 
matrices of metal atoms and clusters.2"4 The 16-electron 
HCo(CO)3 is of the type that is presumed to undergo oxidative 
addition, although there are no reports of such occurring and the 
product of hydrogen oxidative addition has never been reported. 
HCo(CO)3 is formed in argon matrices by 254-nm photolysis of 
HCo(CO)4.5 The lifetime of this coordinatively unsaturated 
intermediate is short because it efficiently recombines with CO, 
accumulating little, even after prolonged irradiation periods. 
Rather than HCo(CO)3, the major observed products of the 
photolysis of HCo(CO)4 are Co(CO)4 and the hydrogen atom, 
the products of a less efficient homolysis of the cobalt-hydrogen 
bond.6 Although its lifetime is not long, HCo(CO)3 does appear 
to react with H2. 

When argon matrices of HCo(CO)4 that contain 10 mol % of 
H2 are photolyzed with a low-pressure mercury lamp, changes 
become apparent with the same characteristic rate as CO ex
change.5 After only 5 min of photolysis several new absorptions 
appear in the carbonyl region of the infrared spectrum. To show 
that the changes are not due to an impurity, the hydrogen was 
evaporated from the matrix prior to photolysis; the behavior of 
HCo(CO)4 upon photolysis then matched its behavior in pure 
argon. Because the rate of loss of HCo(CO)4 in a hydrogen-
containing matrix so nearly approximates the rate of loss in a 
13CO-containing matrix, it is reasonable that the hydrogen reacts 
with HCo(CO)3, the presumed intermediate in the photoinduced 
isotope exchange. Also, it is reasonable that only a single photon 
is required to effect the process. Thus, the oxidative addition (vide 
infra) of H2 on HCo(CO)3 appears to be a thermal process even 
at the low temperature of the matrix. 

The spectra shown in Figure la,b,d are typical of what has been 
observed for hydrogen-containing matrices. Figure la shows the 
matrix of HCo(CO)4 prior to photolysis. After 5 min of photolysis 
with a low-pressure mercury lamp the spectrum shown in Figure 
lb results. Figure Ic shows the result of photolyzing a deuteri
um-doped matrix. New bands appear in Figure lb at 2099.5, 
2042.6, 2021, 2004, and 1994.8 cm"1. Of these, the latter two 
decline in intensity as the matrix is exposed to the visible emissions 
of the Nernst glower (Figure Id). This behavior suggests that 
the species that is responsible for these two absorptions is coor
dinatively unsaturated.7 In fact, the band at 1994.8 cm"1 is nearly 
at the same position as a band assigned to HCo(CO)3 in pure 
argon.6 

Of the other three bands, those that appear at 2100 and 2043 
cm"1 probably belong to the same species because their relative 
intensities are nearly the same in a number of spectra. The band 
at 2021 cm"1 cannot be well correlated because the band overlaps 
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