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calculated kinetic shifts for two measurement approaches. The
“conventional” kinetic shift is taken as the energy above E, needed
to give 1% fragmentation within 107 s, appropriate to conventional
mass spectrometer appearance measurements. The “intrinsic”
kinetic shift is taken as the energy needed for 10% fragmentation
in competition with radiative relaxation of the excited ion, ap-
propriate to an ion-trap appearance-energy experiment unlimited
by ion containment time.

These large kinetic shifts account for the high thresholds ob-
tained even in previous ion-trap work.! In the presence of major
kinetic shifts, only determination of two or more points on the
rate—energy curve (for instance, by photodissociation, PEPICO, !
or MPI'®), accompanied by RRKM modeling, leads to useful
information about the dissociation activation energy.!* In the
methylnaphthalene case, this leads to a new upper limit on the
heat of formation for C;;Hg* of <869 % 20 kJ mol™ (most likely
referring to the benzotropylium structure).!?
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tainty introduced by kinetic shifts, and it may have given a valid measurement
of the heat of formation of the methylnaphthylium ion (but no information
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Heterometal cubane-type clusters MFe;S, containing biological
metals such as Co, Ni, and Zn cannot be prepared by assembly
reactions analogous to those producing M = V,! Mo,2 W,2 and
Re3 clusters, owing to the absence of appropriate thiometalate
precursors [MS,]>~. However, incubation of proteins having cu-
boidal Fe,S, clusters with M?* salts affords protein-bound species,
which, while structurally undefined, possess electronic properties
indicative of the integration of M = Co,* Ni,’ Zn,%" or Cd” and
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Figure 1. Structure of cluster 8 as its Et,N* salt, showing 30% thermal
ellipsoids and the atom-labeling scheme. Mean values of the indicated
distance (A) or angle type under idealized C; symmetry: Ni~Fe, 2.69
(2); Ni-S, 2.262 (6); Fe(3)-S(2), 2.306 (8); Fe(2)-S(4), 2.297 (8);
Fe(3)-S(1), 2.269 (7); Fe(1)-S(5), 2.283 (6); P-Ni-S§, 113 (2)°; S-
Ni-S, 105.8 (7)°. Also: Ni-P, 2.174 (6) A; Ni~S(4), 3.824 (7) A.
Esd's of individual distances and angles are 0.004-0.008 A and 0.1-0.3°,
respectively.

Fe;S, into a common, presumably cubane-type, unit. Noting that
the linear [Fe;S,(SEt),]*> (1) — cubane [Fe,S,(SEt),])*" cluster
conversion in the system 1/FeCl,/NaSEt® proceeds by an effective
two-electron reduction of 1, we investigated reaction 1 (Q = S,
Se) with two trinuclear precursors which differ appreciably in their
reducibilities [E (1) = -1.66,-1.79 V (MeCN): Eo(2) = -1.18,
-1.24 V (DMF)].® Previously unreported [Fe;Se (SEt),)* (2)
was prepared analogously to 12 (67%) and derivatized (4 equiv
of PhSH) to [Fe;Se,(SPh),)*” (3, 68%), which was proven by
crystallography to have the linear trinuclear structure (Fe-Fe~Fe,
180°; Fe-Se, 2.321 (1)-2.365 (1) A; Fe-Fe, 2.781 (1) A.10

— 3 [NiFe;Qy(SE
EtS,. Q Q  SEet
& PhMe Q = 8(4), Se(5)
Fe Fe /Fe + Ni(PPhs); ~——im . (1)
e’ N N Vst MeCN [NiFesQu(PPhy) (SEN*
Q= S(8), Se(9
Q= 8(1), Se(2) (8). Se(9)

The residue after solvent removal from equimolar reaction 1
(6 h) was treated in two ways.? (i) Thorough washing with toluene
followed by recrystallization (acetonitrile/ether) gave 4 or §
(50-60%); 4 contained a 10—15% impurity of [Fe,S,(SEt),]* (6)!!
which could not be separated. These two clusters were identified
by their isotropically shifted 'H NMR spectra:® 4, § 58.5, 5.80,

(8) Hagen, K. S.; Watson, A. D.; Holm, R. H. J. Am. Chem. Soc. 1983,
105, 3905.

(9) All reactions and measurements were performed under anaerobic
conditions. Clusters were isolated as Et,N* salts; purified yields are given.
Potentials are referenced to the SCE and isomer shifts to Fe metal at 298 K.
'H NMR spectra were measured in CD;CN; ethyl group shifts are given in
the order CH,, CH; (Fe, Ni). The Ni-SCH,CHj signals of 4 and § were
obscured by other resonances.

(10) X-ray structures were solved by standard procedures; empirical ab-
sorption corrections were applied. Crystallographic data are given as a, b, ¢
(A); 8, space group, Z, unique data (F.2 > 3a(F,2)), R(R,) (%). (Et,;N);[3]
(173 K): 27.591 (5), 11.124 (2), 20.961 (3) A; 118.18 (1)°, C2/c, 4, 3290,
4.9(5.6). (Ety,N);[5] (203 K): 11.596 (2), 36.768 (6), 11.848 (2) A: 106.79
(2)°, P2;/n, 4, 3541, 4.5(4.9). (Et;N);[7] (173 K): 11.639 (4), 36.774 (7),
11.875 (2) A; 106.79 (2)°, P2,/n, 4, 4255, 6.2(6.3). (Et,N),[8] (298 K):
13.338 (5), 14.657 (7), 26.627 (9) A; 100.46 (3)°, P2,/n, 4, 2717 (4a),
9.5(10.3). (Et,N),[9] (273 K): 13.467 (3), 14.353 (2), 27.112 (4) A; 102.20
(1)°, P2,/n, 4, 5257, 5.36(6.22). The structure of § was refined with a
25%/75% Ni/Fe site occupancy.

(11) Hagen, K. S.; Watson, A. D.; Holm, R. H. Inorg. Chem. 1984, 23,
2984,
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-38.6; 6, 8 36.3, 5.50. Similarly, 5 (5§ 62.1, 6.30, —-42.4) was
differentiated from [Fe,Se,(SEt),]* (7; 8 50.0, 7.05), formed to
a small extent in reaction 1. Cluster 7 was independently syn-
thesized by the reaction of 2 with Zn powder in acetonitrile (79%)
and by the reduction of [Fe,Se,(SEt),]* with sodium acena-
phthylenide in acetonitrile/THF (68%). (ii) Ether addition to
an acetone extract afforded 8 (& 58.6, 4.30) or 9 (4 63.0, 3.80)
in 30-40% yield.

The X-ray structure determination of (Et,N);{7]'0 revealed
the familiar cubane-type stereochemistry'? with a compressed
tetragonal [Fe,Se,])'* core distortion.!* (Et,N),{5] is isomorphous
with this compound, and correspondingly, cluster 5§ was determined
to be a cubane with its [NiFe,(u;-Se),)'* core and dimensions
comparable to those of 7.!2 Because of disorder, a unique Ni site
could not be structurally defined. This is not the case with the
isomorphous compounds (Et,N),[8] and (Et,N),{9]. whose
clusters have the cubane configuration. The structure of 8, which
approaches idealized C; symmetry, is shown in Figure 1; that of
9 is entirely analogous. These structures are consistent with the
NMR spectra, which reveal trigonal cluster symmetry and thus
Ni-PPh, ligation. Tmportant average dimensions of 8 include the
Ni-Fe distance of 2.69 (2) A and the Fe-SEt distance of 2.283
(6) A, which indicates a mean Fe oxidation state $2.50+.!1:13.14
Substitution of Ni for Fe strongly affects redox potentials in
couples of the same charge; e.g., Eyj; = =0.95 V (47/%) vs -1.26
V (6F/%).

The EPR spectrum of cluster 8 (acetonitrile, 3 K) with principal
g values at 4.6, 3.3, and 1.95 is suggestive of an S = 3/, ground
state, with D > 0, and E/D = 0.12. Further, the magnetic
susceptibilities of 8 and 9 exhibit Curie-Weiss behavior at low
temperatures, xM(8) = 1.988/(T + 1.74) (5-35 K) and x™(9)
=1.941/(T + 1.31) (5-70 K), and establish an S = 3/, ground
state.!* The zero-field Mossbauer spectra of polycrystalline 8
are significantly broadened by spin—spin interactions at 7 < 180
K. The spectrum at 210 K? consists of a single quadrupole doublet
(0.32 mm/s line width) with isomer shift 6 = 0.41 mm/s and
splitting AEq = 0.62 mm/s. A spectrum taken in a 6.2-T applied
field at 1.5 K is shown in Figure 2. With the aid of spectra
recorded in weaker fields, three magnetically distinct subsites are
discernible. Two have negative, and the third has positive,
magnetic hyperfine coupling constants.'® Thus, local spins of
two subsites are aligned parallel to the cluster spin whereas the
remaining local spin is aligned antiparallel. Using anS = 3/, spin
Hamiltonian, we have simulated the spectra in Figure 2.

The Fe;S, portion of cluster 8 and those of protein-bound
[MFe;S,)'* (M = Co,* Zn,%” and Cd’) are isoelectronic. However,
as observed by Mossbauer spectroscopy, the delocation patterns
within mixed-valence {Fe,S,]!~ differ. For M = Zn and Cd, the
S =3/, cluster contains a delocalized Fe?*/Fe’* pair (S = %/,)
coupled to trapped-valence Fe?* (S = 2). [CoFe;S,;]'* and 8, on
the other hand, lack the distinctive Fe?* site, suggesting a con-
figuration with more delocalized character. Details of the spin
coupling need to be worked out, but we conclude that 8 and the
NiFe,S, cluster in Pyrococcus furiosus ferredoxin are isoelectronic
with an S = 3/, ground state.? These results clearly support

(12) Bond distance ranges M—M, M-Se, M-SEt (A): 2.782 (3)-2.842 (3),
2.401 (3)-2.480 (3), 2.287 (4)-2.310 (4) (7); 2.751 (2)-2.855 (2), 2.391
(2)-2.456 (2), 2.282 (4)-2.289 (4) (5).

(13) Carney, M. J.; Papaefthymiou, G. C.; Whitener, M. A.; Spartalian,
K.; Frankel, R. B;; Holm, R. H. Inorg. Chem. 1988, 27, 346.

(14) Berg, J. M.; Holm, R. H. In Iron-Sulfur Proteins; Spiro, T. G., Ed ;
Wiley-Interscience: New York, 1982; Chapter 1.

(15) C = 1.875 emu K/mol for S =3/, and g, = 2.

(16) We defer a listing of the complete A4; parameter set until studies on
paramagnetically dilute samples are complete. It appears that D = 2-3 cm™;
under these circumstances, the 6.2-T spectrum is essentially independent of
Dand E. The average values (A4, + 4, + A4,)/3 are probably accurate to +5%
for all sites.
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Figure 2. Mossbauer spectra of polycrystalline 8 recorded in a parallel
applied field of 6.2 T. The solid lines are theoretical spectra for the three
Fe subsites and the sum (bottom), generated from a spin Hamiltonian
with S = 3/, cluster spin, the parameters in the text, and the following
magnetic hyperfine tensor components (A4,, A,, A,, in MHz).!$ Site 1
-10.7, -17.8, -18.5. Site 2: -19.5,-21.7,-23.3. Site 3: +13.4, +18.8,
+19.9. For all subsites we used § = 0.47 mm/s and AEq = —0.90 mm/s
at 4.2 K.

the concept of a cubane-type structure for protein-bound [MFe,S,]
units. Nickel EXAFS? and EPR line broadening?! together
suggest a Ni—Fe center in CO dehydrogenases (CODH) from
several bacteria. The possibility of a NiFe;S, cluster has been
noted.?!4 Access to clusters 4 and 8 now permits the first exam-
ination of the reactivity of a Ni site in a proven cubane-type
environment. Regiospecific reactions at this site can be accom-
plished, one example being the complete conversion of 8 to trig-
onally symmetric [NiFe;S,(2-BuNC)(SEt);])* (8 59.0, 5.30, 0.90
(z-Bu)) by 4 equiv of +-BuNC in acetonitrile solution. Lastly, the
isomer shifts of 4 and 8 (0.47 mm/s) are distinctly smaller than
those of isoelectronic protein-bound MFe,S, clusters (0.53—0.55
mm/s).*67 The similarity of these shifts to those of the oxidized
and reduced Ni—Fe center in Clostridium thermoaceticurn CODH
(0.44 mm/s®) renders the synthetic clusters additionally attractive
for electronic and reactivity studies as a means of probing the

(17) This state could arise from antiparallel coupling of spins S = °/, and
S = 1 (Ni**). In this sense, Ni(PPh;), functions as a two-electron reductant
in reaction 1. Also, the increase in isomer shift from 0.23 mm/s (1! t0 0.47
mm/s (4, 8) at 4.2 K indicates substantial reduction of the [Fe;S,)'* portion
of 1. Rearrangement of linear 1 to a MoFe;S, cubane-type species upon
one-electron reduction has been reported.!®
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Ragsdale, S. W.; DerVartanian, D. V.; Ljungdahl, L. G.; Scott, R. A. Inorg.
Chem. 1987, 26, 2477. (b) Bastian, N. R.; Diekert, G.; Niederhoffer, E. C.;
Teo, B.-K.; Walsh, C. T.; Orme-Johnson, W. H. J. Am. Chem. Soc. 1988, 110,
5581.

(21) (a) Ragsdale, S. W.; Ljungdahl, L. G.; DerVartanian, D. V. Biochem.
Biophys. Res. Commun. 1983, 115, 658. (b) Ragsdale, S. W.; Wood, H. G.;
Antholine, W. E. Proc. Natl. Acad. Sci. U.S.A. 1988, 82, 6811. (c) Terlesky,
K. C.; Barber, M. J.; Aceti, D. J.; Ferry, J. G. J. Biol. Chem. 1987, 262,
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structure and function of the enzymic Ni-Fe center.

Acknowledgment. This research was supported by NIH Grants
GM 28856 at Harvard University and GM 22701 at the Univ-
ersity of Minnesota. X-ray diffraction equipment was obtained
by NIH Grant 1 S10 RR 02247,

Supplementary Material Available: Tables of positional pa-
rameters for the five compounds in footnote 10 (8 pages). Or-
dering information is given on any current masthead page.

Intramolecular Alkane Dehydrogenation and
Functionalization at Niobium Metal Centers

Joyce S. Yu, Phillip E. Fanwick, and Ian P. Rothwell*

Department of Chemistry, Purdue University
West Lafayette, Indiana 47907

Received May 21, 1990

The last 10 years have seen an explosion of interest in the
transition-metal chemistry associated with ancillary aryl oxide
ligation.”> A particularly popular ligand is the 2,6-diiso-
propylphenoxide group due to its steric size as well as its apparent
reluctance to undergo cyclometalation chemistry. %> We report
here on the facile dehydrogenation®” of the substituent alkyl groups
of this ligand at niobium metal centers as well as upon the ensuing
reactivity of the resulting metallacyclopropane.

The room temperature reduction of thf solutions of the di-
chloride Nb(OC H;Pr;-2,6),Cl, (1) with sodium amalgam (2
Na/Nb) results in the formation of dark solutions from which
the deep-green crystalline complex Nb(OC¢H;Pri,-2,6),-
(OC¢H;Pri-n2--CMe=CH,)(thf) (2) can be obtained in high yield

(1) (a) Durfee, L. D.; Hill, J. E.; Fanwick, P. E.; Rothwell, I. P. Or-
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Fanwick, P. E.; Rothwell, I. P. Inorg. Chem. 1989, 28, 3602. (d) Coffindaffer,
T. W, Steffey, B. D.; Rothwell, I. P.; Folting, K.; Huffman, J. C.; Streib, W.
E. J. Am. Chem. Soc. 1989, 111, 4742. (e) Chamberlain, L. R.; Steffey, B.
D.; Rothwell, 1. P.; Huffman, J. C. Polyhedron 1989, 8, 341. (f) Durfee, L.
D.; Fanwick, P. E.; Rothwell, I. P. Angew. Chem., Int. Ed. Engl. 1988, 27,
1181. (g) Rothwell, I. P,; Durfee, L. D. Chem. Rev. 1988, 88, 1059.
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J. C. Inorg. Chem. 1988, 27, 1050, (b) Wallace, K. C.; Liu, A. H.; Dewan,
J. C.; Schrock, R. R. J. Am. Chem. Soc. 1988, 110, 4964. (c) Walborsky,
E. C.; Wigley, D. E.; Roland, E.; Dewan, J. C.; Schrock, R. R. Inorg. Chem.
1987, 26, 1615. (d) Schrock, R. R.; DePue, R. T.; Feldman, J.; Schaverien,
C. J; Dewan, J. C,; Liu, A. H. J. Am. Chem. Soc. 1988, 110, 1423. (e)
Ballard, K. R.; Gardiner, I. M.; Wigley, D. E. J. Am. Chem. Soc. 1989, 111,
2159. (f) Chao, Y.-W.; Wexler, P. A.; Wigley, D. E. Inorg. Chem. 1989, 28,
3861. (g) Wexler, P. A.; Wigley, D. E. J. Chem. Soc., Chem. Commun. 1989,
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1987, 109, 6525.
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N.; Winterborn, D. J. W.; Atwood, J. L.; Hunter, W. E.; Zhang, H. Poly-
hedron 1989, 8, 1601 and references therein. (b) Dilworth, J. R.; Hanich,
J.; Krestel, M.; Reuk, J.; Strahle, J. J. Organomet. Chem. 1986, 315, C9. (c)
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1989, /11, 2142. (d) Van der Sluys, W. G.; Burns, C. J.; Huffman, J. C;
Sattelberger, A. P. J. Am. Chem. Soc. 1988, 110, 5924. (e) Loren, S. D.;
Campion, B. K.; Heyn, R. H.; Tilley, T. D.; Bursten, B. E.; Luth, K. W. J.
Am. Chem. Soc. 1989, 111, 4712 and references therein. (f) Quignard, F.;
Leconte, M.; Bassett, J. M.; Hus, L.-Y.; Alexander, J. J.; Shore, S. G. Inorg.
Chem. 1987, 26, 4272.

(4) Rothwell, 1. P. Acc. Chem. Res. 1988, 21, 153.

(5) Ryabov, A, D. Chem. Rev. 1990, 90, 403.

(6) Crabtree, R, H. Activation and Functionalization of Alkanes; Hill, C.
L., Ed.; John Wiley: New York, 1989; p 79 and references therein.
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(8) Details of the analytical and spectroscopic data as well as the crys-
tallographic studies are contained in the supplementary material.
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Nb.C(261) = 2.167(3) A

y C44 Nb.C(262) = 2.208(2) A

C(261)-C(262) = 1.4534) A

ca4

Figure 1. ORTEP view of 2 emphasizing the central coordination sphere.
Selected bond distances (A) and angles (deg): Nb-O(10), 1.875 (2);
Nb—0(20), 1.949 (2); Nb~0(30), 1.967 (2); Nb—-0O(41), 2.293 (2); Nb—
C(261), 2.167 (3); Nb—C(262), 2.208 (2): C(261)-C(262), 1.453 (4);
Nb-O(10)-C(11), 157.6 (2): Nb-O(10)-C(21), 120.0 (1); Nb-O-
(30)-C(31), 137.7 (2).

Ci244

Figure 2. ORTEP view of 3. Selected bond distances (A) and angles (deg):
Nb-0O(10), 1.943 (4); Nb—0(20), 1.873 (4); Nb—-0O(30), 1.882 (4); Nb—
C(122), 2.261 (6); Nb—C(125), 2.125 (6); C(122)-C(123), 1.532 (8);
C(123)-C(124), 1.501 (9); C(124)-C(125), 1.349 (8); Nb-O(10)-C(11),
123.0 (4); Nb—C(122)-C(123), 114.0 (4); Nb-C(125)-C(124), 125.1
(5).

(Scheme I). A reasonable pathway for the formation of 2 from
1 involves intramolecular oxidative addition of an isopropyl CH
bond (either primary or tertiary) in an intermediate Nb(III)
compound [Nb(OC4H;Pri,-2,6),] followed by elimination of H,.?
The new vinyl phenoxide group in 2 is clearly indicated in solution
spectra. The CMeCH, protons appear as a singlet and AB pattern
in the ratio of 3:1:1 in the '"H NMR spectrum. In the *C NMR
spectrum the two carbon atoms coordinated to the metal center
resonate at 6 95.9 and 90.1 ppm, the latter appearing as a triplet
with LJ(1*C-'H) = 140.8 Hz. A single-crystal X-ray diffraction
analysis of 28 clearly shows the new ligand strongly chelated to
the metal center (Figure 1). In particular the short Nb—C
distances of 2.167 (3) and 2.208 (2) A and C—C distance of 1.453
(4) A coupled with the significant bending back of the methylene
group protons are more consistent with a metallacyclopropane

(9) Oxidative addition of aliphatic and aromatic CH bonds to M(III) (M
= Nb,Ta) metal centers has precedence; see ref 2f and see: (a) Lapointe, R.
E., Wolczanski, P. T.; Mitchell, J. F. J. Am. Chem. Soc. 1986, 108, 6382. (b)
Steffey, B. D.; Chamberlain, L. R.; Chesnut, R. W.; Chebi, D. E.; Fanwick,
P. E.; Rothwell, I. P. Organometallics 1989, 8, 1419.
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