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Regio- and stereospecific labeling experiments are conducted to unravel the mechanistic features of the 
Fe+-induced dehydrogenation of octane-I ,8-diol in the gas phase. With regard to the regioselectivity, ca. 20% of 
molecular hydrogen originates from the C(3)/C(4) or the equivalent C(S)/C(6) positions. The remaining 80 % are 
provided by the C(4)jC(S) methylene units. The steps, preceding the reductive elimination of hydrogen, are 
irreversible, and the overall reaction follows a 1.2-elimination mode. The loss of HD from C(3)/C(4) is associated 
with a kinetic isotope effect kH2/kHD = 1.68. Formation of D, from the positions C(4)/C(S) has an isotope effect of 
kH,/kD2 = 4.7; this figure is slightly dependent on the configuration at C(4)/C(S). Most interesting is the finding 
that the configuration at C(4)jC(S) in [4,5-D2]octane-1,8-diol, i.e. 5c us. 5d, plays a pivotal role in the 
dehydrogenation of the central C(4)/C(5) part. This unexpected and unprecedented result is explained in terms of 
conformational analysis. A staggered-like conformation serves as a precursor to generate a trans-fused bicyclic 
intermediate 6. It is this very intermediate from which most of the molecular hydrogen is eliminated. Of minor 
importance is the cis-fused chelate 7, which is formed from an eclipsed-like conformation of the octane-1,s- 
diol/Fe+ complex. The contribution of 6 and 7 to the product formation is controlled by the relative Configuration at 
the labeledpositions C(4)/C(S) .  For the D, L-form 5c, we estimate a ratio of ca. 9: 1 for the contribution of 6 us. 7; 
due to an isotope effect, this ratio drops to 1.85:1 for the meso-form 5d. This finding constitutes the first example 
for the existence of isotopically sensitive branching (‘metabolic switching’) in gas-phase organometallic chemistry. 

Introduction. - There is increasing evidence for the existence of isotopically sensitive 
branching (‘metabolic switching’) in enzymatic processes, that is, when the usual site of 
hydrogen abstraction is hindered by D substitution, thus reorienting the substrate into 
another juxtaposition to give rise to a reaction at a different site [ 11’). For example, the 
Cytochrome-P-450-mediated hydroxylation of ethylbenzene (Scheme I)  involves prefer- 
entially the M-position (1 -+ 2); oxidation of the Me group (1 + 3) or attack of the 
benzene ring (1 + 4) are of minor importance. In contrast, due to the presence of isotopes 
at the c1 -positions, the [ ~ , a -  D,]isotopomer l a  exhibits increased formation of 3a and 4a at 
the expense of 2a [Id]. 

In this paper, we report for the first time that isotopically sensitive branching also 
pertains in the activation of C-H bonds by bare Fe’ in the gas phase2). In particular, we 
will demonstrate that the extent to which a reactive conformation participates in the 
Fe+-mediated dehydrogenation is determined by the configuration at the isotopically 

’) 

2, 

For a detailed description of the kinetics that pertain to chemical and enzymatic systems of this kind, see [2a] 
and [2b], respectively. 
For selected references for the activation of C-H bonds by bare transition-metal ions, see [3]. 
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labeled centres of the substrate. Alcohols were chosen as a model, as previous studies [4] 
have indicated a high regioselectivity for ROH/transition-metal ion complexes. In fact, 
these results demonstrate that well-defined segments of the alkyl chain undergo oxidative 
addition to the ‘anchored’ metal ion. To exert some rigidity to the system and to get a 
handle on the stereochemical features of the process, we have decided to study regio- and 
stereospecifically labeled diols which, in view of previous experiences with other difunc- 
tional substrates [5],  can be expected to form chelates with the bare transition-metal ion. 

From first principle considerations, it follows that the oxidative addition of the 
‘anchored’ metal ion to a C-H bond can proceed via either of two stereochemical paths. 
One commences with a staggered conformation of the central part C(4)/C(5) of the alkyl 
chain of 5 and leads to a trans-fused bicyclic intermediate 63)4). The second alternative, 

’) We stress that, for the time being, neither experimental nor reliable, theoretical data on the actual structures of 
any of the species described in this and related studies [3-51 are available. While numerous conformers of 6 and 
7 are conceivable, the fundamental difference of the two ring junctions and their bearing on the dehydrogena- 
tion are not invalidated by our present lack of more detailed structural information, provided no inversion of 
configuration at the metal centre occurs. To our knowledge, no data exist in favour of a rapid stereoinversion 
of a metal-H bond in transition-metal ion complexes. In addition, as will be demonstrated in the present 
study, this assumption is indeed not invalid. 
For the sake of simplicity and clarity, in Scheme 2 only two out of four possible modes of C-H(D) bond 
activations are depicted. Without affecting our conclusions, a trans-form 6 is also accessible by first activating 
the C-D bond of C(4). As a consequence, the D, L-isotopomer 5c would then give rise to loss of D,; for the 
meso-form 5d elimination of HD is expected to occur. Similar arguments apply to the formation of 7. 

4, 
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possibly demanding more energy than the path leading to 6, starts from an eclipsed-like 
conformation and results in a cis-fused bicyclic intermediate 7 (Scheme 2). P-H transfer 
from the syn -side (relative to the metal-H bond) of the larger ring’) gives rise to 
intermediates which serve as immediate precursors for the reductive elimination of 
molecular hydrogen (Scheme 2 ) .  If one ignores for the sake of simplicity6) i) the operation 
of kinetic isotope effects and ii) contributions from the methylene groups C(3) and C(6), 
chemical intuition leads one to predict that the Fe’ complex of the meso-form 5d should 
preferentially undergo loss of HD with the elimination of H, and D, being of minor 
importance. In distinct contrast, the Fe’ complex of the D, L-isotopomer 5c is predicted 
to favour the elimination of H, and D, as compared to HD loss. In addition and most 
importantly, if isotopically sensitive branching also plays a role in the present 

5, 

6 ,  

The preference of the larger ring to serve as a H-atom source in the 8-H transfer is an immediate consequence 
of the fact that the propensity of a P-H transfer is quite sensitive to the dihedral angle of the HCCFe unit. 
As will be shown, these assumptions are not warranted. In fact, the study of the isotopomers 5a-d permits us 
to sort out these important data and to quantify the contributions of 6 and 7 as a function of the configuration 
at C(4)/C(5). 
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system, we predict different amounts of 'trans'/ 'cis'-contributions to the metal-ion medi- 
ated dehydrogenation for the D, L- and meso -forms. More precisely, for the meso -form we 
expect a smaller and for the D,L-stereoisomer a larger 'trans'/'cis'-ratio. As will be 
demonstrated in the following, these expectations are precisely born out experimentally. 
Further, the analysis of the isotopomers 5a-d of octane-l,8-diol permits an estimate of 
the regioselectivity of the Fe'-mediated dehydrogenation (e.g. activation of the C(3)/C(4) 
us. the C(4)/C(5) segments) as well as a determination of the overall kinetic isotope effects 
associated with the reaction7). 

Experimental. - The experimental setup has been described in [3m, q, t] [4]. Briefly, a 1:5 to 10 mixture of 
Fe(CO), and octane-1 ,I-diol is bombarded with 100-eV electrons in the chemical ionization source (repeller voltage 
0 V) of a modified ZAB mass spectrometer of BEBE configuration (B stands for magnetic and E for electric 
sector)'). Although the actual mechanism by which the complexes are generated is yet unknown, the pressure in the 
ion source is high enough to permit collisional cooling thus increasing the lifetime of the complex 5-Fe' such that 
time-delayed decomposition reactions after ca. 1 ps take place (metastable-ion (MI) dissociations). To this end, 
organometallic complexes 5-Fe' having 8-keV kinetic energy are mass-selected and focused with B(l)E(l) at a 
resolution sufficient to separate isobaric multiplets. Unimolecular reactions occurring in the field-free region 
between E(l) and B(2) were recorded by scanning B(2). In the present experiments, the fourth sector E(2) is not 
used. Spectra were recorded on-line and averaged by using signal-averaging techniques employing the AMD 
Intectra data system. In typical experiments, 50-1 50 spectra were recorded. The short-time reproducibility of the 
MI spectra is excellent, and the standard deviation ofmeasurements repeated after months is better than f 5%. All 
compounds were synthesized by standard laboratory procedures [7], as depicted in Scheme 3, purified by 
chromatographic means and fully characterized by NMR and MS. 

Scheme 3. Synthesis of the Octane-l,8-diol Isotopomers 5 a 4  

a) CH30D/CH30Na. b) 1. DCI/D20, 2. LiAIH,, 3. HBr, 4. KCN/DMSO. c) I .  H,O+/H,O, 2. LiAIH4, 3. H,O. 
d) 1. LiAID,, 2. H20, 3. TsCI/KOH, 4. LiI/CH3COCH3. e) Na/toluene. 9 I .  Br3B, 2. H,0/Na,C03/l,3-dimethyl- 
imidazolidin-2-one. g) 1. BuLi, 2. RBr/HMPT. h) Na, NH,, liq. [7a]. i) DZ/Lindlur catalyst. k) KO,CN=NCO,K/ 
CH,OD/CD,CO,D CD,CO2D [7b]. 1) K0,CN=NC0,K/CH30H/CH3COzH [7b]. m) TsOH/CH30H. 

') It goes without saying that the operation of stereochemical effects involving C(3)/C(4) is also conceivable; 
however, the study of 5 a 4  does not permit any further conclusion concerning the stereochemical details of 
dehydrogenation. 
Actually, our four-sector tandem mass spectrometer consists of two double-focussing units: MS-I is the 
original WE-2Fpart  and MS-I1 is an AMD 604 mass spectrometer. For a detailed description, see [6]. 

*) 
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Results and Discussion. - In the Table, the data are given for the unimolecular loss of 
molecular hydrogen from the Fe' complexes of 5 and its isotopomers 5a-d. To account 
for the kinetic isotope effect, the data are normalized to the intensity of the non-decom- 
posing precursor-ion complexes 5-Fe+-Sd-Fe+, respectively. Additional unimolecular 
dissociations of 5-Fe', which are not further discussed in the present paper, are due to the 
eliminations of H,O (27 'YO relative to the loss of H, (1 00 %)), C2H, (4 %), C,H, ( 1  'YO), and 
C,H,/H,O (2%). 

Table. Unimolecular Dehydrogenation of Fe+ Complexes of Octane-l,R-diol(5) and Its Isotopomers Sada) 

Precursor H2 HD D2 z H 2 - 9 ,  

5 1.90 1.90 
5a 1.53 0.22 1.75 
5b < 0.01 0.26 0.43 0.69 

5d 0.46 0.72 0.06 1.24 
5Cb) 1.04 0.23 0.18 1.45 

") 

b, 

To account for kinetic isotope effects, the signal intensities for losses of H,, HD, and D2 are divided by the 
intensities of the respective precursor signals. 
5c corresponds to the D,L-form. 
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Figure. Metastable-ion ( M I )  mass spectra of lhe Fe+ complexes of octane-1.8-diol isotopomers 5a-d 

In the Figure, the part of the MI spectra, relevant to the dehydrogenation, is given. 
This Figure already allows to make the following comments: i )  The comparison of the 
spectra @ and @ demonstrates that most of the molecular hydrogen originates from the 
segment C(4)/C(5) with minor contributions from positions C(3)/C(4) or C(5)/C(6). Due 
to the symmetry of the molecule, the latter positions are equivalent. The absence of 
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signals for loss of H, from Sb-Fe’ (Fig., @) rules out contributions of other sites of the 
alkyl chain. Further, this absence also suggests that in the reaction scheme, oxidative 
addition of the metal ion to a C-H(D) bond + P-H (D) transfer + reductive elimination 
of molecular hydrogen, reversible steps are not likely to play a role. Similarly, mechanistic 
concepts based on 1,l-eliminations can be ruled out. Rather, the reaction can be de- 
scribed in terms of an irreversible, 1,2-elimination of molecular hydrogen. 

ii) The MI mass spectra @ and @ indicate that kinetic isotope effects are operative; 
this also follows from the data of 5a-d given in the last column of the Table. 

iii) The distributions of H,, HD, and D, in the MI mass spectra of the Fe’ complexes 
of the D, L-form 5c and the meso-stereoisomer 5d are very distinct. These observations 
clearly demonstrate two points: 1 ) The stereochemical feature of the isotopically labeled 
positions C(4)/C(5) is of crucial importance for the Fe’-mediated dehydrogenation. This 
finding necessitates the intermediacy of relatively rigid intermediates, as for example 
chelates. 2) In the course of this reaction, stereo-equilibration is highly unlikely to occur. 

Next, we will use the data given in the Table for a more quantitative analysis of the 
points raised in the previous section as well as in the Introduction. 

The overall kinetic isotope effect k,,/k,, for dehydrogenation involving the C(3)/C(4) 
positions can be estimated from the data of 5 and 5a. The contribution of this segment is, 
to a first approximation, given by the difference 1.90-1.53 = 0.37; this number, divided 
by the normalized intensity of the actually observed loss of HD from Sa-Fe’ (0.22) 
provides the kinetic isotope effect kH2/kHD = 1.68 associated with dehydrogenation of the 
C(3)/C(4) segment. 

This isotope effect together with elementary statistical considerations permits to 
correct the MI spectra of 5c and 5d for the contribution of H, and HD from the C(3)/C(4) 
positions. If this is properly done’), one obtains ‘corrected’ data for the losses of H,, HD, 
and D,. This data reflect only the contribution from the C(4)/C(5) positions of octane- 
1,8-diol and are pertinent for the analysis according to Scheme 2. The discussion of the 
‘side reaction’ involving C(3)/C(4) will not further pursued 5c: H, (0.86), HD (0.12), D, 
(0.18); 5d: H, (0.28), HD (0.61), D, (0.06). 

The kinetic isotope effect k,,/k,, for the reaction proceeding via the trans-fused 
intermediate 6 is obtained directly from 5c, with kH2/kD2 = 0.86/0.18 = 4.77; for the 
cis-fused intermediate 7 the corresponding figure is available from the data of 5d (0.28/ 
0.06) and amounts to k,,/kD, = 4.66. Obviously, in distinct contrast to the isotope distri- 
bution (to be discussed in the next section) the kinetic isotope effects associated with 
dehydrogenation of the C(4)/C(5) segment are to a first approximation not very sensitive 
to the stereochemical details of the reaction centre. 

A striking difference is, however, noted for the relative contribution of 6 and 7 to the 
overall C(4)/C(5) dehydrogenation of the two stereoisomers 5c and 5d. For the D, L-form 
Sc, we estimate from the ratio (H, + D,)/HD that 89 YO of the dehydrogenation proceeds 
via 6 and only 11 YO via 7, thus confirming our conjecture that the former intermediate is 
more easily accessible than the latter. For the meso-form Sd, however, the numbers are 
quite different with only 65 YO involving 6 and 35 % proceeding via 7 (estimated from the 
ratio HD/(H, + D,)). We suppose that this result is, as predicted in the Introduction, an 
immediate manifestation of an isotopically sensitive branching: for the meso -form Sd, 

9, For a numerical analysis as well as a discussion of many conceivable models, not further outlined here, see [8]. 
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any conceivable trans-fused intermediate will invariably lead to the generation of HD. 
Thus, due to the isotope effect the system ‘bypasses’ 6 and explores to a larger extent the 
alternative route proceeding via the cis-fused isomer 7. The opposite situation holds true 
for the D, L-labeled isotopomer 5c. Here, the trans-fused intermediate has the option to 
undergo either loss of H, and D, (favouring the former by a factor of 4.77; see above). 
Consequently, the need to an isotopically enforced switch to populate the intermediate 7 
is much less pronounced. 

In conclusion, the analysis of the data lends full support to our conjecture that 
‘metabolic switching’ well-known to be operative in enzymatic hydrogen abstractions, 
has its counterpart in the Fe+-mediated activation of C-H bonds of aliphatic alcohols in 
the gas phase. In the present system, the isotope-induced branching is reflected in 
different amounts of the trans- us. cis-fused bicyclic intermediates as a function of the 
configuration of the isotopically labeled methylene groups C(4)/C(5) of 5c and 5d. 

We would not be too surprised if, in the future, similar findings were reported for 
other systems thus underlining the point that isotopically sensitive branching is, indeed, 
of quite general importance [l] [2]. Actually, preliminary studies of the Fe’ complexes of 
several c1,o -dinitriles [8] [9] tend to support the results described in the present paper for 
the gas-phase chemistry of octane- 1,8-diol Fe’ complexes1o). 
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