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The electrochemical behavior of a series of bis-carbyne complex&&OpM=(C,H,)=M(CO),Tp' (Tp'
= hydridotris(3,5-dimethyl-1-pyrazolyl)borate; ¥ Mo, W; m= 3,n=2; m=4,n= 0, 2, 4), has been

studied. These complexes exhibit two oxidation waves between 0 and 0.5 V (vs ferrocene). The difference

in Ey, for the two oxidation waves is a function of the hydrocarbon spacer witesthe C=C—C= spacers
(m=4,n = 0) exhibiting considerably largexE,, values than the correspondiggC—CH=CH—C= spacers
(m= 4, n = 2), which were in turn more strongly coupled than the saturated analogues4, n = 4).

While the trend in electronic coupling was quantitatively as expected for the degree of unsaturation in the

bridge, the absolute magnitude of the coupling as indicated by the comproportionation com&tanidf—

10%) was much smaller than that in isologous dimers where the bridge is connected to the metal centers via

single bonds K. = 10f—10'%. A qualitative model based on relevant orbital occupancy as a function of
metal oxidation state has been developed to account for the experimental results.

Introduction CHART 1

The electronic coupling of two redox centers through covalent L,,M—(CEC)—MLH |
spacers is a determining factor in the adiabaticity of electron n
transfer across the bridgeThe suitability of transition metals A n=24 8 12 16,20 C
as the redox-active probes for such bridges has created synthetic H H H
challenges in the development of covalent assemblies where
two redox-active metals are connected by protéibs\A,3* fl‘ }l{ LMo
or small hydrocarbon spaceérs'® Dimers with linear, unsatur- LM
ated carbon chains are an important subset of these complexes. g
Symmetric ethynyl (M-C=C—M) and polyalkynyl (M- H H H
(—C=C—-)M) dimers with an even number of carbons in the
bridge are commonA, Chart 1); examples of {115 C,,14.16-21 CHART 2
Ce,22 Cg,1%2223 and Gonepd* bridges have been prepared. R
Related even-carbon polyenyl bridged dimdé¥lfave also been LHMEC—C/\
reportec?>-27 Symmetric dimers with odd-carbon chains are ~ LsM=C—C=ML, G \,C—CEMLn
less common@, CsHs; D, CsH).28:29 E R

In most systems studied to date, the connection between the R R
hydrocarbon bridge and the redox-active metal center has been LM=c—C~camL H II{
a metat-carbon single bond or, at most, a metal carbon double g " Lanc—é\ C _
bond. In many of these cases, high degrees of electronic H \$/ I
coupling are observed across relatively long distances. We H H
report here on the first assessments of electronic coupling across
isologous bridges where the redox-active sites are connected
to the bridge by metatcarbon triple bonds. Interestingly, the
electronic coupling upon oxidation iseakerfor dimers with . .
metal-carbon triple bonds than in the singly bonded cases. A Nere the electrochemical behaviorsCCH,C= and=CCH,-
presage to this finding is the recent work by Hopkins et al. with CHhC= (n=0, 1, 2) bridged bis-carbyne dimers for comparison

aniline and pyridyl functionalized metatlkyiidyne complexes (0 related polyalkynyl and polyenyl systems. Extended Huckel

in which the M=C linkage functions as thecceptorin extended ~ Molecular orbital (EHMO) calculations on tReCCH=CHC=
one-dimensional doneracceptor chain¥31 ditungsten dimer have been performed to help evaluate the data.

General synthetic routes to dimeric compounds with metal Results
carbon triple bonds anchoring the carbon chains are rare (Chart
2, E—H).32735 A fruitful combination of metal carbyne deriva- Synthesis of thesCCH,CH,C= bridged dimers with metal
tive chemistry with coupling reactions has recently provided carbon triple-bond anchors is accomplished via the deprotonation
direct routes to low-valent, dimeric bis-carbyne complexes with of methylcarbyne complexes, TEO)LM=CCH;, followed by
three- and four-carbon bridgek,(G, and1).3637 We report oxidation of the anionic vinylidene compounds (eq 1; [M]
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TABLE 1: Oxidation Potentials? of Bis-carbyne and Related Complexes

complex = B2, AE1 Ke ref
1 [W]=CCH, 0.050
2 [W]=CCH,C=[W] 0.105 0.294 0.189 X 10°
3 [W]=CCH,CH,C=[W] 0.110 0.182 0.072 % 10
4 [W]=CCH=CHC=[W]® 0.148 0.325 0.177 X 10
5 [W]=CC=CC=[W] 0.168 0.446 0.278 5 10°
6 [Mo]=CCH, 0.125
7 [Mo]=CCH,C=[Mo] 0.156 0.302 0.146 X1
8 [Mo]=CCH,CH,C=[Mo] 0.236 4
9 [Mo]=CCH=CHC=[Mo] 0.153 0.279 0.126 k 10
10 [Mo] =CC=CC=[Mo] 0.291 0.530 0.239 K 10t
[Fe*]—C=C—H 0.340 17
[Fe*]—C=C—C=C—[Fe*| —-0.215 0.505 0.72 % 1012 17
[Re*]—C=C—CH; 0.30 62
[Re*]—C=C—-C=C—[Re* 0.010 0.540 0.53 Xk 1 16
[Fe]-CH=CHCH=CH—[Fe]¢ —0.670 —0.260 0.41 4 1010 26
[F¢]—CH=CH—CH=CH—[Fe]%® —0.560 —0.130 0.43 Ix 101 26
[Fe']-CH=CH—CH=CH—[Fe']’ —-1.17 —-0.73 0.44 Ix 108 27
{[Ru]J=CH—CH=CH—CH=CH—[Ru]}{ BF} 1.15 1.63 0.48 X 108 28

a Potentials are in volts vs ferrocenBip = 0.460 V, CHCI/{ n-BusN][PFg]); reference electrode was aqueous SCE; working electrode was
platinum unless specifiedl Abbreviations used in table: [W4 Tp'(CO)%W, [Mo] = Tp'(CO)xMo, [Re*] = Cp*(PPh)(NO)Re, [Fe*]= Cp*(dppe)Fe,
[Fe] = Cp(PMe)(CO)Fe, [F§ = Cp(PPh)(CO)Fe, [F&] = Cp(dppm)Fe, [Rul= (dppe)(CO)(CI)Ru; values for referenced compounds are those
reported in CHCI, unless noted and have been converte&tas ferrocene when necessafyslassy carbon electrodéThis value isEp ¢ the
oxidation is irreversibles T = —78 °C. f Average value of two isomers given in tab%l = 0 °C.

Tp' (COXM; 1,3, M =W, 6,8, M = M0).3” The same anionic

vinylidene intermediates can act as nucleophiles toward halo-

carbynes, THCOLM=CX (X = Br, Cl), to producesCCH,C=
bridged dimers via halide displacement (e@2M = W; 7, M
= Mo).3¢ Stepwise deprotonation and oxidation of $8€CH,-

for the partially unsaturated(CCHCHG=) and unsaturated
(=CC=CC=) dimers were similar for the molybdenum (C and
D, Figure 1) and tungsten complexes. The salient features for
the=CCH,CH,C= series include the following: (1) oxidation
becomes increasingly more difficult as the degree of unsaturation

CH,C= bis-carbynes affords unsaturated bis-carbyne complexesincreases, and this is more pronounced for molybdenum than

Tp' (COLM=CCH=CHC=M(CO),Tp' (eq 3;3, M =W, 9, M
= Mo) and TP(COLM=CC=CC=M(CO),Tp' (eq 4;4, M =
W; 10, M = Mo).

n i . .
[M] =C—CHj; _BuLior [M] =C= CH, oxidation
t >
1, 6 KO'Bu
=C—C—C—C=
M= =M
3 8
H
© =C-Cl 2
M=c=cH, T M= Se=m )
2, 7
2 equiv. oxidation _ _ _
38 [M]=C—}C{— %—C:[M] 3)
KO'Bu 4 9
. idati
4,9 2 e(}uw‘ oxidation M]=C—C=C—C=[M] @)
KO'Bu

5, 10

Cyclic voltammograms of complexes-10 were recorded;
the E;;, data are summarized in Table 1. Figure 1 shows
voltammogram traces for the three molybderrs@CH,CH,.C=
(n =0, 1, 2) bridged species along with the molybdenum
monomer6 for comparison. The monomeric methyl carbynes,
1(W) and 6(Mo), showed reversible one-electron oxidations.
The molybdenum complex (A, Figure 1) was more difficult to

for tungsten, (2) the potential difference between sequential one-
electron oxidations AEss») increases with an increase in the
degree of unsaturation, and (3) the tungsten complexes are easier
to oxidize and show largekE;; values than their molybdenum
analogues.

Discussion

Comproportionation constant&d) for the general reaction
shown in eq 5 were calculated from the electrochemical data
using the Nernst relationship and are listed in Tabt&3The
use ofK, values to approximate the actual electronic coupling
(Vab) is common even thougK. is dependent on other factors
beside V,,384041 For the systems treated here, data were
collected under similar conditions and the metaletal distances
are comparable. The large observed differences inalues
(4—8 orders of magnitude) validate the qualitative comparisons
made here.

+ + Kc
MI=(C H)=M] + M= (CH)E=M] =

+
2 [IMI=(C H)y=M]  (5)

The K. values calculated for the bis-carbyne complexes (
=4 x 10°—5 x 10% indicate that electronic coupling between
the molybdenum and tungsten centers of the bis-carbyne dimers

oxidize than the tungsten analogue by 0.075 V. This trend was is weak to moderate compared to isologous 1,3-butadiynyt (M

also evident in the first oxidation potentials of tseCCH,C=
bridged dimersZ(W), Ey, = 0.105 V;7(Mo), E4, = 0.156
V). The saturateeeCCH,CH,C= ditungsten dimer3) exhib-

C=C—C=C—M) and 1,3-butadienyl (M C=CH—CH=C—M)
bridged systems where the metals are connected to the bridge
by single bonds. Gladysz and co-workers have extensively

ited only a nominal separation between the first and second characterized the electronic features of the “consanguineous”

oxidations AE;;, = 0.072 V), and only a single, two-electron

[Cp*(NO)(PPh)Re~C=C—C=C—Re(PPE)(NO)Cp*°+"2" fam-

wave was observed at an intermediate potential for the ily, which exhibits aK; of 1 x 10° for stepwise oxidatioA®

molybdenum analogud, (B, Figure 1). The voltammograms

Lapinte et al. have reported a similarly thorough study of
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Figure 1. Cyclic voltammograms o8 (A), 8 (B), 9 (C), and10 (D) in CH,ClI, at 100 mV/s under the conditions given in the Experimental Section.
Scale shown is relative to SCE(ferrocene)= 0.460 V).

CHART 3
Cp(NO)(PPh3)Re ™, Cp(dppe)Fe *
17 oM @ .
—C=Cc—Cc=c— 2N A ‘M—C=Cc—cCc=c—M:
I

Tp(CO),W*, Tp((CO),Mo*

AV AL a )
——CEC—CEQ:J— 2:.1\'/I+ (d4) M=C—C=C—C=M:
¢ mk 11 l

—C—C=C—C=—= M=C—C=C—C=M;

Tp'(CO), W3+, Tp(CO),Mo’*
-6 2 M3t (d?
=c—cCc=c—c= _— IM=C—C=C—C=M:

111

Cp*(dppe)Re-C=C—C=C—Fe(dppe)Cp*J*+/2*, which shows or a strongxz-donor3® Traditionally, carbyne ligands are
some of the strongest electronic coupling between distant metalcounted as either CR exceptionally good two-faced-acids,

centers to dateK; = 2 x 10'%2 Fe—Fe = 7.43 A)17 The or as CR~, a strong two-facedr-donor4? For conceptual
partially saturated 1,3-butadienyl bridged diiron dimers, [Cp- purposes, we adopt a fragment approach similar to that used
LL'Fe-CH=CH—CH=C—FeLL'Cp (L = PMe;, PPh, L' = by Floriani, Sgamellotti, and co-workers in a theoretical

CO; LL' = dppm), also show appreciable electronic coupling treatment of bonding in high-valeni-C, complexes'® We
with K. values ranging from I 108—10'126.27 Comparable begin with a reduced £~ bridge and bind two monocationic
data for other bis-carbyne dimers is limited. Caulton, Chisolm, metal fragments to build neutral dimers for our qualitative
et al. have recorde®, values of —0.354 and 0.100 V for evaluation, whereas they began with neutral fragments. As

irreversible oxidations at fast scan rates for thelicarbido shown in Chart 3, the final electron distribution (i.e., the position
dimer, ¢-BuO)W=C—C=W(O--Bu); (the AE, value of 0.454 of the triple bonds) following dimer formation is a function of
V would suggest & > 107 at 25°C).%? the d' count of the cationic metal fragment.

Why is the coupling in the bis-carbyne systems weak, where Introduction of two & metal fragments, such as Cp(NO)-
strong W-C z-bonds supplement thebonding? Richardson  (PPh)Re" or Cp(dppe)Fé, to the G2~ bridge creates no major
and Taube have noted that strong coupling is generally limited perturbations as onlyg-donation is required to electronically
to cases in which the bridging ligand is either a straracceptor saturate the 16emetal centersi( Chart 3). In contrast, the
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electronic coupling between the metal centers. This LUMO
offers an approximation to the HOMO of the singly bonded
complexes, which are strongly coupled. We therefore suggest
that the attenuation of electronic coupling with the triply bonded
bridges compared to the singly bonded alternatives results from
an inability of the relevant orbital to effectively couple the
oxidized metal centers.

The relative magnitude of electronic coupling observed for
the complexes with four-carbosCCH,CH,C= bridges is as
expected on the basis of the degree of unsaturati®eplace-

* LUMO (-10.04 eV) ment of the CH—CHj bridge interior in3 and8 by CH=CH

: as in4 and9 leads to an increase K of about a factor of 50.

A similar increase in coupling accompanies replacement of
CH=CH by C=C (5and10). These trends are consistent with
similar changes in coupling observed in related systerifie
three-carbon bridge with a single methylene group spanning the
carbyne carbon2(and7) affords stronger coupling than the
saturated four-carbon bridge, as expected for a decrease in
metal-metal distance. In fact, the coupling across the three-
carbon saturated bridge is very similar to that for the four-carbon
bridge containing the CHCH double bond. A caveat here is
that the three-carbon bridge is bent owing to the central
methylene group and will force the carbyne carbon bridge

HOMO (-11.67 V) ! termini into relatively close proximity. Communication via
Figure 2. CAChe Representations of HOMO and LUMO for 4 dlrec_t orbital overlap between the carbyne carbons may be
(CORW=C—CH=CH—C=W(CO)H2]*". possible. However, the HOMO for the three-carbon bridged

dimers will remain & — CO x* in character, and efficient
1l4e" Tp(CORM* (M = Mo, W) fragments demand four  communication between the bis-carbyne metal centers will be
electrons each from the,€ bridge and cause a substantial inhibited by a lack of bridge character. Nonetheless, the relative
electronic reorganization to achieve saturation at the miéfal ( coupling for the three-carbon spacer compared to the four-carbon

Within this conceptual framework, the triply bonded metal pridges is close to the expectation for largely through-bond
centers would be considered W(Il) and Mo(ll) with valence coupling.

counts of d even though each metal formally donatess2 d

electrpn_s to sat!sfy the bridgecarbons. An alternative bonding  ~gnclusions

description which features a 22¢&, bridge and W(IV) and

Mo(IV) d? metal centersl(l) is also essentially correct. The electronic structures of low-valent bis-carbyne complexes
Regardless of the electron-counting method employed, the final stand in sharp contrast to those found in the more common
distribution of electrons (4eless for the bis-carbyne relative  bimetallic polyalkynyl and polydienyl systems. The electronic
to the singly bound complexes) concerns us here. Given similar coupling between bis-carbyne metal centers is strongly dimin-
orbital geometries, the HOMO of the strongly coupléctdse ished as indicated bAE;, values. EHMO calculations on a
will be the LUMO of the weakly coupled‘ctase. If significant ~ bis-carbyne model suggest that the lower coupling in the bis-
bridge character in the oxidized HOMO is responsible for strong carbyne systems is due primarily to a HOMO that is oriented
electronic coupling, then a simple mechanism exists for the orthogonal to the bis-carbyne bridge. The LUMO 4f is
differential coupling in the two systems: the HOMO of the particularly intriguing as it indicates that the various types of
singly bonded case has significant bridge character, but thelinkages may be more closely related than the electrochemical

HOMO of the triply bonded case does not. data would suggest. Fenskelall calculation4* and photo-
This simple and intuitive notion is supported by electronic electron spectroscopy measuremétson CplLbM—C=C—R
structure calculations on a modelCCH=CHC= bridged bis- complexes indicate that the dominantinteractions between
carbyne complex. Extended kel molecular orbital (EHMO) the metal and acetylide ligands are filtefilled combinations
calculations on [HCO)RW=C—CH=CH-C=W(CO),Hz]*~ comprised of ¢ and G=C = orbitals that produce a HOMO
(4m), based on the crystal structure of 'T@O)RW=C— with significant Fe-C antibonding character. Simple extension

CMe=CMe-C=W(CO)Tp,%” reveal a HOMO that is @l — of these results to span 1,3-butadiynyl or 1,3-butadféiyidges
C=O0 =* in character. The stronget-bonding capability of produces HOMO's for the diynyl and dienyl dimers that closely
the carbyne termini that results from better energetic matching resemble the LUMO's for the bis-carbyne isologs. Note that
of the orbitals e and carbyne carbon orbitals ensures that the Hopkins’ metallabutadiyne complexggns-(dmpe)(R-C=C-
metal-carbyner-bonding orbitals will lie below thed — CO JW=CH complexes (R= H, Ph, SiMe. dmpe = 1,2-bis-

a* dominated HOMO, thus leaving the metabr dorbital (dimethylphosphino)ethane), show extensiw@elocalization
components of the HOMO orthogonal to the bridge (Figure 2). owing to the complementary bonding properties of the alkyli-
The four occupied MO’s involving both metals, the linking dyne and acetylide ligands.

carbyne carbons, and the CO® orbitals parallel to the bridge A natural analogy between carbyneeCR~) and imido
reside 0.11.0 eV below the HOMO energy. Similar features (=NR) ligands also exist¥:5° Coupling reactions of high-
would be expected for the other unsaturated analogues. Thevalent nitrile and imine complexes have produced bis-imido
calculated LUMO of4,, shows significant bridge character;, M=N-C(R}=C(R)—N=M and M=N—CH(R)—C(HR)—N=M
however, oxidation of the metal center by formation of the compounds reminiscent of the carbyne complexes treated
carbyne linkage prevents this orbital from inducing stronger here®53 Oligomeric and polymeric metal-nitrido (#N:)
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compounds having imido linkages between neighboring nitride

centers (M=N — MN:) are also knowr¥*~5’ Cummins and

co-workers’ recent synthesis of a anionic metal carbide com-

plex?8 suggests that analogoussfC—M=C: compounds may

be obtainable. Further examination of these and other bis-

carbyne dimers will allow other intuitive notions regarding
conjugation and electronic coupling to be tested.
Experimental Section

Syntheses of the monomerit énd6)5°-%1 and dimeric 2—
5, 7—10)36:37 carbyne complexes were accomplished using
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(19) Yam, V. W. W,; Lau, V. C. Y.; Cheung, K. KOrganometallics
1996 15, 1740.

(20) Rappert, T.; Ntnberg, O.; Werner, HOrganometallics1993 1359.

(21) Bruce, M. I.; Hinterding, P.; Tiekink, E. R. T.; Skelton, B. W.;
White, A. H.J. Organomet. Chenl993 450, 209.

(22) Brady, M.; Weng, W.; Gladysz, J. Chem. Soc., Chem. Commun.
1994 2655.

(23) Coat, F.; Lapinte, QOrganometallics1996 15, 477.

(24) Bartik, T.; Bartik, B.; Brady, M.; Dembinski, R.; Gladysz, J. A.
Angew. Chem., Int. Ed. Endl996 35, 414.

(25) Wong, A.; Kang, P. C. W.; Tagge, C. D.; Leon, D. Brgano-
metallics199Q 9, 1992.

(26) Etzenhouser, B. A.; Cavanaugh, M. D.; Spurgeon, H. N.; Sponsler,
M. B. J. Am. Chem. S0d994 116, 2221.

(27) Etzenhouser, B. A.; Chen, Q.; Sponsler, M.Gtganometallics

literature routes. Electrochemical data were collected using 81994 13, 4176.

Princeton Applied Research 273A potentiostat. For cyclic

(28) Xia, H. P.; Yeung, R. C. Y.; Jia, GOrganometallics1997, 16,

voltammetry of1—10, the reference electrode was an aqueous 3557.

SSCE. For comple# the working electrode was glassy carbon;
for the remaining complexes the working electrode was

(29) Xia, H. P.; Wu, W. F.; Ng, W. S.; Williams, I.
Organometallics1997, 16, 2940.
(30) Pollagi, T. P.; Geib, S. J.; Hopkins, M. D.Am. Chem. S04994

D.; Jia, G.

platinum. The potentials were referenced relative to a ferrocene 16, 6051.

standard: a value df;;, = +0.46 V, CHCI,/0.1 M [n-BuyN]-
[PF¢] vs SCE was obtained for the ferrocene/ferrocinium couple.

(31) Brison, H. A.; Pollagi, T. P.; Stoner, T. C.; Geib, S. J.; Hopkins,
M. D. Chem. Commuril997, 1263.
(32) Caulton, K. G.; Cayton, R. H.; Chisolm, M. H.; Huffman, J. C.;

EHMO calculations were performed using the CAChe Extended | gpkovsky, E. B.: Xue, ZOrganometallics1992 11, 321.

Huckel Program (v 3.9) with the provided Alvarez Collected
Parameters. For modé}, bond lengths and bond angles were
adapted from the crystal structure of TPO)LW=C—CMe=
CMe—C=W(CO)Tp'?" except that the Tpigand and the bridge

methyl groups were replaced with H atoms for reasons of

calculational simplicity.
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