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Abstract: Reaction of the butadiynyl complex¥CsMes)Re(NO)(PPE)(C=CC=CH) (ReCsH) with Cu-
(OAC), (pyridine, 80°C) gives theu-octatetraynediyl compleReCgRe (70%). Analogous cross-coupling of
ReC4H andReC:H gives (after chromatographiReCiRe (14%),ReCsRe (44%), andReCgRe (15%). Longer

sp carbon chains are accessed by reactioReiH with n-BuLi and Cul, which giveReC,Cu. This isolable
species is treated in situ with BESCSiEf or BrC=CC=CSiMe; (excess EtNK THF) to giveReCsSiEt; or
ReCgSiMes (84—77%). Desilylations (weh-BusN*F™) yield ReCeH or ReCgH (88—73%). Then Cu(OAg)
(pyridine, 50°C) givesReCi.Re or ReCigRe (71-67%). The former is also available froReC,Cu and
BrC=CC=CBr (45%), andReC;oRe can be accessed by cross-coupliRgCsH and ReCgH are similarly
converted toReC;0SiR3 (R = Me, Et; 51-26%) andReC;,SiMes (43%). Desilylation ofReCy0SiR; gives
labile ReCyoH, but only black powder is obtained froReC;,SiMes. In situ coupling ofReC,;oH givesReCyoRe
(52—34%), which unlike lower homologues is not obtained in analytically pure form. The effects of chain
length upon visible spectra (progressively red-shifted and more intense kard€0 000 Mt cm™1), IR/
Ramanvc=c patterns (progressively more bandsf; NMR chemical shifts (asymptotic limit of 6467 ppm

for ReG=C(C=C)), cyclic voltammetry (decreased reversibility of two oxidations; a gradual shift of the first
to thermodynamically less favorable potentials, so that only a single oxidation is obsenReGaRe), and
thermal stabilities (solid-state decompositions at 1I65ReC,0Re, and 178-217 °C, lower homologues) are
studied in detail.

Compounds in which unsaturated elemental carbon chainsScheme 1.Carbon Chain Compounds
span two metals, fMMC,M'L"yy (I; Scheme 1%, constitute the LMC,ML
most fundamental class of carbon-based molecular Wigesh

: . : L I
one-dimensional assemblies must by definition be composed

only of sp-hybridized carbon. They bear an obvious conceptual some valence structures of “carbyne”

relationship to the classic two- and three-dimensional polymeric X X X X
carbon allotropes, graphite and diamond, which are based upon ~ X-c=c—Cc3¥c-x (CFo=0FC X pte=cyax
sp- and sp-hybridized carbort.Importantly, all of these species n mn v

must terminate with a non-carbon atom or some entity that

differs from the repeat unit. Hence, at very high chain lengths,

| can be viewed as a genuine carbon allotrope. possible. One features alternating triple and single bonds
The polymeric sp carbon allotrope is often referred to as (alkynyl or polyynediyl), with sp carbon termini bearirune

“carbyne”, and numerous syntheses have been clakfied. endgroupX (Il). Another consists solely of double bonds

However, most samples are intractable or difficult to character- (Cumulenic), with spcarbon termini bearingvo endgroups<

ize. As shown in Scheme 1, different valence structures are (Ill). In the case of sphcarbon termini withthree endgroupX
(IV), the bond order pattern dif is reversed. These distinctions

become important when the, Xhoieties are collectively replaced
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There is a fascinating older literature involving polyynes with
bulky endgroupg® For example,tert-butyl-capped species
MesC(C=C),CMe; (n = 4—8, 10, 12) have been prepared by
classical techniques and characterized by-Wisible spectra
and melting pointg.Similar R;Si(C=C),SiR; species have been
reported | = 4—10, 12, 16), but the higher oligomers were
generated in solution, characterized by BVisible spectra, and
not purified furthe® The physical properties of both series

remain to be probed by modern methods. More recently, Hirsch |

et al. have prepared mixtures of cyano-capped species &#C(C
C).CN (n = 3—8) by graphite vapor deposition, and following
HPLC separation carefully documented their propetiésigow

et al. have claimed similar syntheses of higher oligomers (
35—75) with cyano and trifluoromethyl endgroupsiowever,

systems with smaller endgroups are generally less stable and

often explosive. Cumulated specidl § also appear to be less
stable. Isolable examples are so far limited tpdBains 6 =
2)_11

Complexes of the type have attracted the attention of
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Scheme 2.Interconversion of the £Complexes
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work.1® Additional examples are now availad&,23 the most

numerous researchers from the standpoints of fundamentalnoteworthy of which is an Fefe system of Lapinte that can
physical and chemical properties, materials attributes, molecularbe isolated in both neutral octatetraynediyl and radical cation

electronics, and catalysis, as summarized in reiearsd
previous full papers in this seriés!3In this paper, we describe

oxidation state$® Outside of the title compounds, only two
other complexes with longer chains;@Chave been described

the systematic synthesis and detailed physical characterizationto date?1?23

of C¢—Cyo polyynes with the chiral rhenium endgroup’{Cs-
Mes)Re(NO)(PPB) (Re). This constitutes, together with the
work of Hirsch et al. noted above, the first modern investigation

of a homologous series of long polyynes. We carefully document

the effect of chain length upon the IR, Ram&¢C NMR, and

UV —visible spectra, as well as redox potentials and thermal

stabilities. Portions of this work have been communicaféd.
Other important background details are as follows. In a
previous full papet? we described the isolation and physical
properties of the three “consanguineous” or redox-relatgd C
complexesReC,Re" N(PRs™) shown in Scheme 2. This il-
lustrates the interconversion of neutral polyynediyl and dica-

tionic cumulenic valence structures, and the electrochemical

Results

1. Cs and Cg Complexes We first sought an efficient route
to the octatetraynediyl compleReCgRe, and we attempted a
synthesis analogous to that &eCs;Re (Scheme 232 This
employed the racemic butadiynyl complep{CsMes)Re(NO)-
(PPh)(C=CC=CH) (ReC4H), which is available in three steps
and 75-81% overall yields via a sequence that starts with the
methyl complexReMe and HG=CC=CSiMe;.132 As shown in
Scheme 3, oxidative coupling with Cu(OAd)L.5 equiv) in
pyridine at 80°C gaveReCgRe in 70% vyield as an air-stable
orange powde#

We next sought homologues with odd numbers of alkyne

generation of higher homologues is described below. Relatedlinkages. Accordingly, a 50:50 mixture BleC;H andReC,H2

FeGFe, RuGRu, and MnGMn species, some of which can be
even further oxidized, have been characterized by Lapinte
Bruce, and Berk&~18 Some partially characterizeds@nd G
complexes of the type had been reported at the outset of this
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3483. (b) Johnson, T. R.; Walton, D. R. Nletrahedron1972 28, 5221.
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28, 4601.

(9) (a) Bohimann, FAngew Chem 1953 65, 385. (b) Sladkov, A. M.;
Kudryavtsev, Yu. PRussian ChemrRev. 1963 32, 229.
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4286 and references therein.
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1997 119 775.
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S. B.; Szafert, S.; Arif, A. M.; Gladysz, J. hem Eur. J. 1998 4, 1033.
(c) Bartik, T.; Weng, W.; Ramsden, J. A.; Szafert, S.; Falloon, S. B.; Arif,
A. M.; Gladysz, J. AJ. Am. Chem. S0d.998 120, 11071.

(14) (a) Brady, M.; Weng, W.; Gladysz, J. A. Chem. Soc., Chem.
Commun.1994 2655. (b) Bartik, T.; Bartik, B.; Brady, M.; Dembinski,
R.; Gladysz, J. AAngew Chem 1996 108 467; Angew. Chem., Int. Ed.
Engl. 1996 35, 414.

(15) Some sp carbon/sp carbon bond-forming reactions are detailed in

the following notes: (a) Bartik, B.; Dembinski, R.; Bartik, T.; Arif, A. M.;
Gladysz, J. ANew J. Chem1997 21, 739. (b) Dembinski, R.; Lis, T.;
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1999 578 229.

was similarly combined with Cu(OAg)in pyridine (Scheme

' 3). Subsequent silica gel column chromatography easily sepa-
rated the desired cross-coupling product, hexatriynediyl complex
ReCsRe (44%), from smaller amounts of the homocoupling
productsReCsRe (14%) andReCgRe (15%). The order of

(16) (a) Le Narvor, N.; Toupet, L.; Lapinte, @.Am Chem Soc 1995
117, 7129. (b) Coat, F.; Guillevic, M.-A.; Toupet, L.; Paul, F.; Lapinte, C.
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Organometallics1998 17, 1928.

(17) (a) Bruce, M. I.; Denisovich, L. I.; Low, P. J.; Peregudova, S. M;
Ustynyuk, N. A.Mendelee Commun1996 200. (b) Bruce, M. |.; Low, P.
J.; Costuas, K.; Halet, J.-F.; Best, S. P.; Heath, GJAAm. Chem. Soc.
200Q 122 in press.
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Chem 1999 111, 2412;Angew. Chem., Int. EA.999 38, 2270.
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(20) Coat, F.; Lapinte, COrganometallics1996 15, 477.
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Scheme 3.Homocoupling and Cross-Coupling of the Table 1. Key IR and Raman Data for Polyynediyl Complexes
Butadiynyl ComplexReC;H (em™)
Dol ==l =l - » Remen
Rxe . Rle CU(lC)“\C)z Rle . Rle . Rle Complex medium YNO vce vec? (CH2C|2)
oN” | Npehy o | eeng PTI on | Speng on | pehg on | > peng ReC,ReP¢  THF 1630 s 1967 w 2056 s
q % i & I CHCl,  1623s 1964 w
¥ ¢ 7 7 7 KBr 1629sbr 1968w
H & i i g ReCRe  THF 1645 s 2064 m 1951's
ReCalt I PR | _NO L ¢ CHCl,  1640s 2061 m 2100's
ReC.H e & & KBr 1638 s 2058 m
@ e g ReC:Re  THF 1651s  1956m 2000's
| onp. © No 2112s 2100 s
ReC,Re /@ SN CHCl, 1648s 1959 m
| 2108 s
ReCeRe @\ KBr 1642's 1954 m
ReCgRe 2107's
Cu(OAG),, pyridine } ReCyoRe THF 1649 s 2000 m -
o 2120's
KBr 1647 s 1993 m
2114 s
ReCi;Re THF 1653 s 1952's 1951 s
elution paralleled the absolute solubilities (lower with longer 2056 vs 2030 m
chain length). More convergent approacheR&eCsRe were 2117 m 2135w
not SUCCGSSfLﬂ§ KBr 1653 s 1946 s
The new complexefReCsRe and ReCgRe, and all higher g?igfﬂ
homologues, were characterized by IR, Raman, NMR, an¢ UV poc e THE 1654 s 1941 vs 1921s
visible spectroscopy, cyclic voltammetry (C¥)differential 2014 vs 2000 W
scanning calorimetry (DSC¥, mass spectrometry, and mi- 2074 m 2101 vw
croanalysis. Key data are summarized in Tables 1 and 2 and KBr 1655s 1938 s 2140 vw
Figures 4, and representative IR and Raman spectra are ggégs
reproduced in the Supporting Information. Special features of ReCyRe THE 1653 s 1962n\1/5 1899 s
interest include the effect of chain length upon (1) IR and Raman 2031 vs 1984 w
ve=c patterns, (2)'3C NMR chemical shifts, (3) colors and 2058 s 2068 vw
visible absorptions, (4) redox potentials, and (5) thermal 2116w 2102 vw
stabilities. Trends are analyzed in detail in the Discussion 2164 w
section. KBr 1655 s 21093423935
Since racemic monorhenium educts are used in Scheme 3, 2101 w
the dirhenium products should be mixtures raésoand dI 2136 W

i = 31
diastereomers. Low-temperatut and3P NMR_ spectra qf Raman spectra did not showwo bands’ SS.RRand SR.RS
ReCsRe showed two closely spaced sets of signals (50:50), gjastereomers gave identical spectrBata from ref 12.
consistent with this premise. Howevé&eCgRe gave a single
set of NMR signals under all conditions assayed, presumably purities of the resultingReC,SiMes, ReC4H, or ReCgRe (which

due to the greater distance between stereocetitdiise dia- were optically active) could not be foud#32 The last gave
stereomers ofReCsRe separate by crystallization, but all  crystals marginally suitable for X-ray analysis, but the structure
attempts to obtain enriched samplesREC;Re or ReCgRe, did not refine satisfactorily. Although the metrical parameters

including analytical HPLC, were unsuccessful. Accordingly, the are not usable, an ORTEP diagram is given in Figure 5, together
title compounds were characterized as mixtures of diastereomerswith that of ReC,Re obtained earliet? This shows that the
Importantly, the diastereomers BEC,Re™ n(PFK~) give identi- carbon chain is much more exposedieCgRe than inReC4Re,
cal IR, UV—visible, CV, and ESR dat& Hence, these proper- and it would logically undergo bimolecular reactions more
ties are not sensitive to the relative rhenium configurations.  rapidly. Despite extensive efforts, we were unable to grow X-ray
Another strategy for diastereomerically pilReCgRe would quality single crystals of any other dirhenium complex in this
utilize enantiomerically pur®eC4;H. The precursoReMe is paper. The presence of diastereomers likely contributes to this
available in resolved forrf and a parallel sequence was difficulty.
conducted. Unfortunately, methods to assay the enantiomeric 2. Cio, C12, and Cis Complexes We sought to extend the
methodology in Scheme 3 to higher homologues. Thus, educts
with longer GH chains were required. As shown in Scheme 4,

(26) The most intensive efforts involved reaction&keC,Cu (see higher
homologues below) and EECI (0.5 equiv). Other coupling methods

described below and elsewh&fewere also unsuccessful. ReC4H was treated witm-BuLi and Cul in THF to generate
. II(27_) In response to Cttl_nve(rg:tlons EFOE‘OSGed (I3n a re\\//{/eghthat Sppeafed an alkynyl copper species of empirical formul@-CsMes)Re-
ollowing our communication (Connelly, N. G.; Geiger, W.Ehem. Re. —~ .

1996 96, 877), we present our CV data relative to a nEW value for (NO)(PPB)(Q_CQ:CCU? ReC.Cu). Th's u;eful Symh_on has
ferrocene. See also footnote 25 in ref 12. been described in previous notes |nVO|V|ng hexatrlynyl and
(28) DSC parameters (Cammenga, H. K.; EppleAigew Chem 1995 octatetraynyl complex€s$.It may be isolated as a thermally

107, 1284;Angew. Chem., Int. Ed. Engl995 34, 1171): T;, initial peak
temperature]e, extrapolated peak-onset temperatufig; maximum peak (31) The pentamethylcyclopentadienyl series is much more configura-
temperature. tionally labile than the cyclopentadienyl series. For comparisons, see: (a)

(29) (a) Interestingly, the diastereomers of analogues with bulkier Peng, T.-S.; Winter, C. H.; Gladysz, J. forg. Chem.1994 33, 2534
triarylphosphine ligands show separate NMR signals. (b) Meyer, W. E. Ph.D. and references therein. (b) Salzer, A.; Hosang, A.; Knuppertz, J.; Englert,
Thesis, University of Utah, 1999. U. Eur. J. Inorg. Chem1999 1497.

(30) Huang, Y.-H.; Niedercorn, F.; Arif, A. M.; Gladysz, J. A. (32) An analogous sequence from enantiomerically pReMe to
Organomet. Cheml99Q 383 213. ReCsRe gave a 70:30 mixture ofl and mesodiastereomers.
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Table 2. Summary of'®C NMR Chemical Shifts for Polyynediyl
Complexes (ppnd) "4 ReC,Re
ReC= ReG=CC
complex solvent [2Jcp, Hz] ReG=C [“Jcp, HZ] other z[°
ReC,Re®? CD,Cl* 96.6/96.5 116.7/ 5
[13.0/13.0} 1165 =
THF-dg® 96.4 116.4
[12.7] -8
CeDe® 95.8 1175
[10.9] 1 1 1 1 1 1 1
ReCsRe CD,Cl,* 106.8/106.5 112.6 65.0/64.9 B
[16.8/16.0] ReCgRe
THF-ds® 104.2/103.3 114.3/ 65.7/65.2 ?_0
[15.7/16.0] 113.9 gL,
ReCgRe CD,Cl, 111.0 112.7 66.8 63.8 <
[18.41 [2.9] 2,
THF-ds 109.7 113.3 66.6 64.5
[16.9] [2.7] L,
ReCioRe CD.Cl, 117.3 112.7 66.1 66.3, 64.1
[15.7] [27] 1 L 1 1 1 1
ReCi,Re CD,Cl, 116.8 113.7 66.0 67.1, 66.3, 64.4 -0 ReC;,Re
[15.6] [3.3]
CeDse 117.6 1141 66.5 67.4, 66.8, 66.0 —
[15.7] [2.8] =
ReCigRe CD,Cl, 125.1 113.2 66.6 66.7, 66.4, 65.6, <
[15.2] [2.4] 65.5, 65.2 =
ReCyRe CD,Cl, 127.3 113.2 66% 67.0, 66.5, 65.5, -4
[14.6] 65.4, 65.3, 64.9,
64.8 12 1 08 06 04 02 0
1 1 1 1 1 1 | —

aMixtures of SSRR and SRRS diastereomers unless notéd3C [Volts]

labeled.c Some signals of the two diastereomers were resolVBdie

to the spectral resolution, thfdce value has a larger uncertainty, or
the “Jcp value could not be assignetiSSRRdiastereomer; data from
ref 12.

Figure 2. Representative cyclic voltammograms under the conditions
of Figure 3.

The adducReC,Cu can be employed in the variation of the
Cadiot-Chodkiewicz reaction depicted in Schem#& Accord-
ingly, reactions with Br&sCSiEg'®P or BrC=CC=CSiMes!'52
in the presence of excess EthH-20 °C) gave the analytically
pure hexatriynyl and octatetraynyl complexeeCsSiEt; and
ReCgSiMes in 84—77% yields after crystallizatiof?. Both of
these compounds have been fully described in n§tiesjuding
the crystal structure of the latté€t¥® Hence, optimized prepara-
tions are given in the Supporting Information, and key spec-
troscopic data are presented below with those of new higher
homologues.

As shown in Scheme &KReCGsSiEt; and ReCgSiMes could
easily be converted to the correspondingi€omplexefReCsH
andReCgH. The K;COs/methanol recipe in our communication
required 8-12 h for completiort21%° That in Scheme 4, wet
n-BusyN*F~/THF, requires only 0.5 h. These compounds were,
unlike their precursors, moderately air sensitive as solids and
more air sensitive in solution. The compl®eCsH has also
been described in a noté’, but for convenience the preparation
is given in the Supporting Information.

As shown in Scheme ReCsH andReCgH were separately
stable powder, but it is normally used in situ. All attempts to cOmPined with Cu(OAg)in pyridine at 50°C. Workups gave
obtain crystals or a crystalline derivative have been unsuccess{Ne dodecahexaynedl_yl and hexa_ldecaoctaynedwl _complexes
ful.33 ReCi,ReandReCisRein 71-67% yields as orange, air-stable,

analytically pure powders. These were characterized analogously

(33) (a) Copper alkynyl complexes have been extensively studied (see: t0 the lower homologues, and data are summarized in Tables 1

Janssen, M. D.; Kiler, K.; Herres, M.; Dedieu, A.; Smeets, W. J. J.; Spek, and 2 and Figures-14. More convergent syntheses were also
A. L.; Grove, D. M.; Lang, H.; van Koten, GI. Am. Chem. Sod.996
118 4817 and references therein) and commonly exist as aggregates (e.g., (34) Sonogashira, K. InVletal Catalyzed Cross-coupling Reactipns
tetramers). We speculate that the difficulty in crystallizRgCiCu is due Diederich, F., Stang, P. J., Eds.; Wiley-VCH: Weinheim, 1998; Chapter
to the mixtures of diastereomers that are likely present. We have investigated5.2.1.

polydentate ligands that are capable of binding copper and deaggregating (35) The use of two different silicon endgroups reflects a variety of
these structures, but the adducts have so far resisted crystallization. (b)factors. The @building block BrGECC=CSiMe; is available in two easy
Procedures for the isolation ®8eC,Cu (x = 2, 4, 6) are given in the steps from commercial ME8iC=CC=CSiMe;, 152 but BrC=CC=CSIE}
Supporting Information. (c) Procedures that utilizBuOCu in place of must be prepared in three steps from commercia=@SiEg (Experimental
n-BuLi and Cul have also been developed. However, this milder base is Section). On the other hand, BECSIEg has a greater shelf stability than
not commercially available. These procedures are also given in the BrC=CSiMe; or IC=CSiMe;, and the synthesi® is less demanding. In
Supporting Information, except for one case where there is a distinct yield general, SiEtendgroups impart somewhat greater stabilities but sometimes
advantage. higher solubilities than optimal for crystallizations.

20

£x 104 M-lem)

T
400

T
300

500
A (nm)
Figure 1. UV —visible spectra of polyynediyl complexes (&E1,) and
(inset) relationship betweethax (€V) and 1h (n = number of alkynyl
units).
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E>

E4

20 ¢ v
Ep,a Ep,c
T T T 1
0.6 0.4 0.2 0
[vi
Complex Eipa Eppe E; AE; icra”
EZp,a EZp,c EZ AE2 (Kc)b
v vy vid  mvf®
ReC4Re 0.05  -0.04 0.01 90 1
0.58 0.49 0.54 90 (1.1x 109
ReCgRe 0.14 007 0.10 70 1
052 045 0.48 70 (3.0 x 10%)
ReCgRe 027 020 0.24 70 >1
056  0.49 0.52 70 (59 x 103)
ReCygRe 047 039 0.43 80 >1
0.68  0.59 0.63 90 (2.6 x 103)
ReC;,Re 050 042 0.46 80 >>1
0.69 059 0.65 100 (1.7%x 103)
ReCy4Re 0.60 0.54 0.57 60 >>1
069  0.63 0.66 60 (34)
ReCjygRe 0.70 0.57 0.64 130 >>>1

Figure 3. Cyclic voltammetry data for polyynediyl complexes.
Conditions: (79) x 10°°*M in 0.1 M BuN*BF,/CH.Cl, at 22.5+

1 °C; Pt working and counter electrodes, potential vs Ag wire pseudo-
reference; scan rate, 100 mV/s; ferrocen€.46 V; additional details
are given in the Supporting Information. Table footnotésproved
reversibility is generally seen at lower temperatuf&s.= Compro-
portionation constant; calculated as described in footnote 34 of ref 12.
CExcept for ReCyRe, each compound exhibits two, one-electron
oxidations.

probed. For exampldReC,Cu was treated with excess EtNH
and then thedibromide building block Br&CC=CBr.36
Workup gaveReCi,Re in 45% yield. However, analogous
sequences involving the tetrayne BECC=CC=CC=CBr¥’
were often complicated by violent detonations. In no case was
any ReCy¢Re detected.

We again sought homologues with odd numbers of alkyne
linkages. Accordingly, a 50:50 mixture dReCsSiEt; and
ReC;SiMe; was converted tReCsH andReC4H (n-BusN*TF~/
toluene). The sample was treated with Cu(OAgpyridine, 60
°C). Unlike the case in Scheme 3, the products could be only
partially separated by silica gel column chromatography. A

center cut from the center band was rechromatographed to give

a sufficient quantity of pur&eC,oRe for characterization (9%
yield). Attempts to develop preparatively useful syntheses from
ReC,4Cu and IG=CI (excess EtNK THF, —20°C) or ReCyLi

(36) (a) Straus, F.; Kollek, L.; Hauptmann, Bhem Ber. 193Q 63, 1886.
This paper details the explosive properties of B@GC=CBr, as does a
letter by Pettersen and Cash: Pettersen, R. C.; Cash, Gh&n Eng
News1977 55 (Nov 28), 36. (b) Heilbronner, E.; Hornung, V.; Maier, J.
P.; Kloster-Jensen, B. Am Chem Soc 1974 96, 4252.

(37) We characterized this previously unreported compound by IR¥cm
THF, ve=c 2197 vs, 2070 w)C{IH} NMR (CsDsCDs, 66.3 (s,CCCCBY),
62.0 (s, ©CCBr), 59.9 (sCCBr), 42.9 (s, €Br)), and mass spectrometry.
To avoid the ethical dilemma of reporting an extremely hazardous procedure
in the open literature, we will provide synthetic details upon request to
laboratories that have experience with and proper facilities for manipulating
highly explosive compounds.
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represemative trace
ReC,,Re

dg/dt

exothermic

—
250

T T T
100 150 200
Temperature [°C]

50 300

Complex T T, T, Thcear‘g:(')‘f‘yrsylb .
ReC4Re 158 192 230 >250°

ReCgRe 186 207 220 179-182 dec®
ReCgRe 198 217 230 192-197 dec®
ReCjgRe 161 188 206 170-180 dec d
ReC;Re 160 178 211 180-210 decd
ReCjgRe 175 205 220 150-180 dec d
ReCygRe 135 155 201 130-150 decd

Figure 4. Summary of DSC and capillary thermolysis data for
polyynediyl complexes°C). See footnote 28 for definition of terms.
Table footnotes:?Sealed; conventional melting point apparati&s,-
RR diastereomerfForms viscous liquid.9Decomposition without
melting, as assayed by IR (see text).

Figure 5. Molecular structures of the butadiynediyl and octatet-
raynediyl complexefReC;Re andReCgRe.

and [PhIGECIPhE2(TfO") (THF, —80 °C) gave complex
mixtures, with trace quantities ¢teC;oRe detectable by mass
spectrometry.

3. Cy and Cyy Complexes We sought to extend the
methodology in Scheme 4 to still higher homologues. Thus,
precursors with longer {1 chains were required, and “second-
generation” chain extensions were attempted. As shown in
Scheme 6, reactions &teCsH and ReCgH with n-BuLi and
Cul similar to those above gave alkynyl copper species of
empirical formulasReCsCu and ReCgCu. The former could
be isolateéfP-cbut was normally treated in situ with EtNtnd
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Scheme 4. Syntheses of Hexatriynyl and Octatetraynyl
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yield. Similar reactions oReC¢Cu and BrG=CC=CSIiEg%8 or

ReCsCu and BrG=CSiEg, gave the triethylsilyl analogue
ReCoSiEts in 44—26% yields®® An analogous coupling of
ReCsCu and BrG=CC=CSiMe; gave the dodecahexaynyl

complexReC;,SiMes in 43% yield.
Reactions oReC,cSiMes and K;COs/MeOH or wetn-Bug-

N*F~/toluene (Scheme 6) gaReC;oH, which was much more
labile than the lower @4 homologues and characterized only
by IR, 3P NMR, and mass spectroscopy. CrureC;oH was
treated with Cu(OAg)in pyridine at 56-60 °C. Workups gave
the eicosadecaynediyl compl®eCyoRe as a black powder in

(38) Ghose, B. N.; Walton, D. R. Msynthesid974 12, 890.
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Scheme 6. Synthesis of an EicosadecaynediybgC
Complex
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41—34% yields®® An analogous sequence wigeCySiEts and
BusNTF~ gave a slightly higher yield (52%). Samples were
characterized identically to lower homologues. However, correct
microanalyses could not be obtained. Figure 6 shows-i8e
NMR spectrum ofReCyoRe, together with that oReCy¢Re.

The stabilities of the title compounds merit careful description.
Solid-state data are summarized in Figure 4. DSC gave a
relatively high T or decomposition poiAt of 155 °C for
ReCyoRe. The lower homologues exhibited still higher values
(178-217°C), but without any obvious trends. All were stable
to air at room temperature on the time scale of hours. Samples
were also slowly heated in sealed capillaries. BRECsRe and
ReCgRe decomposed to viscous liquids. The other complexes
decomposed gradually and without melting. To complement
visual observations, several capillaries of a given sample were
simultaneously heated. At various temperatures, one was
removed, broken, and analyzed by IR (KBr).

In the case oReCyRe, the IR spectrum of material that had
been heated to 13%C showed no change. Material that had
been heated to 14 showed a new, broad, medium-to-strong
ve=c band at 2101 cmt, and shifted bands at 2043 (medium
to strong) and 1960 (s) crh (slightly diminished relative to
the vno band). Little change occurred at 18C. Material that
had been heated to 16C showed loss of resolution (but not
intensity) in theve=c region. These data are consistent with,
but do not by themselves establish, some type of chelirain
cross-linking process akin to the polymerization of 1,3-diytfes.

(39) The procedure that usesBusN*F~ is given in the Supporting
Information.
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Figure 6. 3C NMR spectra (CBECl,, 20 °C) of ReCyigRe (top, 75
MHz) and ReCyRe (bottom, 126 MHz) and expanded insetsy/=x
impurities in solvents, & doublet.

Similar experiments witfReC;,Re showed little decomposition
at 170°C but a dramatic loss of signal intensity at 18D. At
190 °C, no residuabc=c or vno bands were apparent.

In solution,ReC;gRe and lower homologues exhibited normal

Dembinski et al.

would probably be considerably more stable, cannot be accessed
by the methodology described in this paper.

Discussion

1. Chain Length Effects The wirelike title compounds
constitute a unique and heretofore unavailable series of organo-
transition metal complexes. The rhenium atoms in the longest
member,ReCyRe, are linked by 2 ReC, 10 G=C, and 9=
C—C= bonds, or a total of 2& and 20 bonds. A rhenium
rhenium distance of 28.7 A can be estimated from existing
datal21523Although there is more and more precedent for such
metal-metal separations in the rapidly evolving area of mo-
lecular nanostructurg8 the title compounds remain unsurpassed
by the simplicity of the connecting unit.

As noted in the Introduction, only a few comparable families
of polyynediyl compounds, all with carbon or silicon endgroups,
have been previously isolated. These provide important op-
portunities to define the effect of chain length upon molecular
properties, which should asymptotically approach those of
valence formdl or IV of the polymeric sp carbon allotrope
carbyne (Scheme 1). In principle, any observable quantity can
be plotted against &/ wheren is the number of alkyne units.
Extrapolation to they intercept (1A = 0) gives the value for
the corresponding EC).. species. In colloquial usage, we find
the term “triple bond effect” useful. This underscores the
difference from cumulated systems such as valence ftrm

Consider first the effect of chain length upon bond lengths.
Two types of asymptotic structural limits are possible. Will the
C=C and=C—C= distances converge to one value, or approach
two different values? The former (bond length equalization)
implies a vanishing HOMO/LUMO energy gdp.The latter
(bond length alternation) requires a persistent energy gap, or
from a solid-state physics perspective a Peierls distoffoe
lack structural data for the title compounds beyond that
represented by Figure 5. However, theoretical studies of the
parent system H(&C),H predicttwo limiting values (1.1956
1.2031 and 1.35741.3726 A)** The longest polyynes structur-
ally characterized to date, the diplatinum and diron dodeca-
hexaynediyl complexega,b in Figure 7, show triple and single
bonds in the ranges 1.210¢5).233(4)/1.19(1)1.23(1) &/b)
and 1.344(7)1.356(4)/1.35(1)1.38(1) A21.23Bond length
alternation would also be expected by analogy to extensive data
on polyenes and polyacetylene, (E8H),.*®> Additional aspects
of this issue have been elegantly analyzed by Hirsch & al.

Before a discussion of the spectroscopic properties of the title
compounds, key features of monometallic or purely organic
analogues merit a brief summary. First, alkynyl ligands are
commonly poorz acceptorg® In 18-valence-electron com-
plexes, repulsive interactions between occupied metal-based

stability properties and were not particularly air sensitive. orbitals and ligandr orbitals dominate. The first few HOMOs

However,ReC,oRe showed erratic behavior. For example, it

could be recovered from some but not all spectroscopic
measurements. For every NMR sample that unexpectedlys_
decomposed, another would remain for several days under the;717.
most casual storage conditions. We were unable to reproducibly

correlate this behavior to light, solvent, @vels, or purity.
Reactions ofReC;,SiMe; and wetn-Bus,N*F~ in toluene

are metal centered, with considerabjg, d,, and ¢, character

(41) Yamaguchi, M.; Park, H.-J.; Hirama, M.; Torisu, K.; Nakamura,
Minami, T.; Nishihara, H.; Hiraoka, Bull. Chem Soc Jpn 1994 67,

(42) (a) The July 1999 issue @hemical Reiewsis devoted to this
subject. (b) For nanostructures based upon simple axial rods, see: Schwab,
P. F. H.; Levin, M. D.; Michl, J.Chem. Re. 1999 99, 1863.

(43) (a) Hoffmann, RAngew. Cheml987, 99, 871;Angew. Chem., Int.

immediately gave black, sootlike precipitates. Polyynediyl Ed. Engl.1987 26, 846. (b) Rice, M. J.; Bishop, A. R.; Campbell, D. K.
species with hydrogen endgroups commonly show much greaterPhys Rev. Lett 1983 51, 2136.

decreases in stabilities with chain lendthHence, this was
presumed to reflect the rapid decomposition REC;.H.
Therefore, the tetracosadodecaynediyl comple&,,Re, which

(40) For areference list, see: Foley, J. L.; Li, L.; Sandman, @h&m.
Mater. 1998 10, 3984.

(44) Toto, J. L.; Toto, T. T.; de Melo, C. P.; Kirtman, B.; Robins,X.
Chem Phys, 1996 104, 8586 (see Table 1).

(45) Curran, S.; Stark-Hauser, A.; Roth, S.Handbook of Organic
Conductve Molecules and Polymerblalwa, H. S., Ed.; Wiley: 1997; Vol.
2, Chapter 1.

(46) Manna, J.; John, K. D.; Hopkins, M. [Adv. Organomet Chem
1995 38, 79.
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P(p-Tol)s (p-TogP due to repulsive interactions with occupied rhenium d orbitals
—@»Fl’t—CEC—CEC—Ceo—CEC—CEC—CEC—Fl’f at each terminus. This opposing secondary effect would slightly
P(p-Tol)s (p-Tol)sP increase back-bonding to the nitrosyl ligands, as analyzed above.
Va . . .

The IR vc=c regions are richly featured. The monorhenium

/CO oG, complexes generally show one band per alkyne unit, and
—Fé—C=C—C=C—C=C—C=C—C=C—C=C—Fe— representative spectra are provided in the Supporting Informa-

\ / ion. The extincti ffici f th i band
co Vb oc tion. The extinction coefficients of the most intense bands

increase with chain length, as gauged frags absorptions that
should remain constaft. The dirhenium complexes exhibit

Re?_ Rl approximatel_y half therc=c bqnds of monorh_eniym complexes
Re* C*‘cn - Re* C%o,n\ * of equal chain length, consistent with their higher symmetry
TCse g o \’Csoj\ g and IR selection rules. As expected, Raman spectra show
e YC%\ e YCsCJ\ complementary absorptions, especially at shorter chain lengths.
Xc\rcgc "Re* &CYC\%C i Surprisingly, theoretical studies of vibrational spectra of polyynes
N Re" NRe* appear to be scaréé.
vi Key 13C NMR data for the monorhenium complexes are
(n values may be different and other isomers possible) tabulated in the Supporting Information. The Qe signals

show steady downfield shifts with longer chain lengths (in
ppm: ReC;SiMes/H, 102.1-105.8;ReCsSiMey/SiEty/H, 112.3-
113.6;ReCgSiMes/H, 117.2-117.6;ReCycSiMey/SiEts, 122.7
122.9;ReCy,SiMes, 125.2). Limiting values of 133138 ppm
for ReC.X can be obtained graphically. At the opposite
terminus, the &CSi signals show a similar but less pronounced
approach to a 8890 ppm limit. In contrast, the R&€C signals
vary only slightly (110.8-113.4 ppm). Th&Jcp values of chiral
organorhenium complexeR¢CH,|"" are sensitive to the
rhenium-carbon bond ordefé¢ However, they remain constant
within experimental error (15:116.4 Hz), suggesting no
significant increase of alkylidene character with chain length.
Additional coupling features?jcp > “Jcp > 3Jcp) have been
analyzed earliet32

Similar chemical shift and coupling constant patterns are
evident for the dirhenium complexé&eCRe in Table 2 and
Figure 6. The RE= signals show a broader range?dfr values
(but a narrow 15.714.6 Hz spread fox > 8) and extrapolate
to 133 ppm forReC.Re. Another important feature becomes
especially evident when the carbon chains terminate in identical
endgroups. As illustrated in Figure 6, the interior ReQ(C=
C).C=CRe signals cluster in the narrow range of-&% ppm.
This can be taken as the chemical shift of carbyne in valence
formsll andlV (Scheme 1). Identical limiting values are found
for the series of dicyanides NC£C),CN purified by Hirsch
Fet al1® and the mixtures characterized by Lagow et al.

* 3. UV—Visible Spectra Solutions of the title compounds
deepen in color from orangdRéCsRe) to red ReCyzRe) to
black cherry ReCigRe) to brown-black ReCyoRe). Accord-
ingly, UV —uvisible spectra exhibit progressively red-shifted and
more intense bands, as illustrated in Figure 1. The molar
extinction coefficients oReC;sRe andReCyRe reach nearly

(47) Key papers published after the period reviewed in ref 46: (a) 150000 and 200 000 M cm™. The latter complex absorbs
McGrady, J. E.; Lovell, T.; Stranger, R.; Humphrey, M.@ganometallics over the entire visible range, reflecting a multitude of electronic

1997, 16, 4004. (b) Belanzoni, P.; Re, N.; Sgamellotti, A.; Floriani, . transitions. Monorhenium complexes with identical chain lengths
Chem. Soc., Dalton Tran4998 1825. h hi ble ab . Re/ReC.-SiM
(48) Lichtenberger, D. L.; Renshaw, S. K.; Wong, A.; Tagge, C. D. SNOW roughly comparable a sorptiofieC:2 el2olMes,

Organometallics1993 12, 3522 and references therein. four longest wavelength bands: 422/414, 470/468, 512/508, 568/

(49) Photophysical studies of other octahedral rhenium alkynyl or 554 nm: 83 000/70 000, 37 000/13 000, 17 000/14 000, 3900/
butadiynediyl complexes are also consistent with these generalizations: (a)11 000 Mt Cm‘l)

Yam, V. W.-W.; Lau, V. C.-Y.; Cheung, K.-KOrganometallics1996 15,

Figure 7. Other relevant structures.

in octahedral geometries. This bonding model is supported by
numerous computational studiéd’47as well as photoelectron
spectroscopy®“°Photoelectron spectra of conjugated polyynes
have also been record®and exhibitz MO energy patterns in
accord with simple Hokel theory. Polyynes also have a
inductive electron-withdrawing effect, which acidity measure-
ments show to increase with chain length.

2. IR, Raman, and NMR Spectra. Chiral rhenium com-
plexes ReL]"" exhibit an intense IRvno band that shifts
according to both the amount of back-bonding from and the
charge on rhenium, and hence the nature of the ancillary ligand
L. Data for monorhenium complexd®eC,SiR; and ReCH
are tabulated in the Supporting Information. Although the media
employed vary, values increase from 1627 to 1637 cfar x
= 2 to an apparent limit of 16601662 cn1? for x = 10—12.
Thus, back-bonding to the nitrosyl ligand decreases. This trend
is opposite to what might have been expected from the
progressively highetr MO energies of the (€C),SiRs/H
fragments, which through repulsive interactions can raise the
energy of one d orbital used for nitrosyl ligand back-bonding.
It is consistent with a progressively greateglectron-withdraw-
ing effect, which would generally lower the rhenium basiéty.

IR data for the dirhenium complex&eCRe are summarized
in Table 1. In each case, measurements have been made in TH
Thewvno values similarly increase from 1630 cifor x = 4 to
a clear limit of 1653-1654 cn! for x = 12—20, consistent
with a dominant inductive effect. However, they remain lower
than those of monorhenium complexes of identical chain length.
This might reflect somewhat higher#C), = MO energy levels

1740. (b) Yam, V. W.-W.; Cong, S. H.-F.; Cheung, K.-K.Chem. Soc., In contrast, polyynediyls witkert-butyl, trialkylsilyl, or cyano
Chem. Commurl99§ 2121 and references therein. endgroups exhibit much simpler spectra and are not as deeply
(50) Gleiter, R.; ScHer, W. In The Chemistry of Triple-Bonded
Functional GroupsPatai, S., Ed.; John Wiley & Sons: Chichester, 1994; (53) For quantitative extinction coefficient measurements of related
p 153. aldehyde complexes, see: Quirbendez, N.; Seyler, J. W.; Arif, A. M.;
(51) Eastmond, R.; Johnson, T. R.; Walton, D. R. M.Organomet. Gladysz, J. AJ. Am. Chem. S0d.993 115 2323.
Chem.1973 50, 87. (54) (a) Dudev, T.; Galabov, BSpectrochim. Acta, Part A997, 53,

(52) Of course, the (EC)nSiRs/H fragments will exhibit progressively 2053. (b) For a detailed IR and Raman study of polymers witht[PR;).-
lower 7* MO energies. This can decrease the energy of one d orbital used (C=C)—], (n = 2, 3) repeat units, see: Markwell, R. D.; Butler, I. S.;
for nitrosyl ligand back-bonding. However, we presently view this as a Kakkar, A. K.; Khan, M. S.; Al-Zakwani, Z. H.; Lewis, Drganometallics
secondary influence in view of the studies cited above and other data below. 1996 15, 2331.
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colored. For example, E3i(C=C)sSIEf; is isolated as white ~ AE° = 0.56 V). The second oxidation potentials are less strongly

crystal§ and MeC(C=C),,.CMe; as orange or salmon needfés.  affected ReC,Re/ReCsRe vs ReCigRe, AE® = 0.12/0.18 V).

The latter represents the longest chain for which quantitative Consequently, the® values approach each other. WRleC,gRe,

extinction coefficients are available. The longest wavelength only a single-presumably two-electrenoxidation is observed.

band (320 nm) is the most intense, and the next longest This signifies the chain length at which the two rheniums start

wavelength band (303 nm) is the next most interrs@4b 000 to behave independently, at least in a redox sense. For statistical

and 140 000 M! cm™1, hexane). Similar values are reported reasons, a small 0.036 V gap should pef§istowever, this

for EtzSi(C=C)gSIEt; (¢ 447 000/331 000 and 398 000/295 000 difference is often not resolved?

M~1 cm™! (hexane/methanol), 336/335 and 316/315 &m). The trend in first oxidation potentials can be analyzed from

Analogous intensity patterns are exhibited by all of these several perspectives. First, in accord with other data above, it

compound$&including matrix-isolated H(&C),H species$® is inconsistent with HOMOs that have dominant=C), &
Despite the complexity of Figure 1, it is possible to suggest character. Otherwise, oxidation would be thermodynamically

some assignments. The longest wavelength bands in polyynediylanore favorable at longer chain lengths. Second, inductive effects

with carbon, silicon, or hydrogen endgroups can confidently can contribute. For exampl®eCsMe is 0.08 V more difficult

be attributed tor — * transitions. These are symmetry allowed, to oxidize thanReC,Me.132 Third, resonance effects are also

in accord with the high extinction coefficients. As described possible. As analyzed in a previous full papgReCsRe"PRs~

most recently by Hirsch et al., plots of energies versumsaté is a class Ill mixed-valence systethwith the odd electron
linear1® Importantly, these give values of approximately 550 completely delocalized between the two rheniums on the rapid
nm for the analogous bands at infinite chain lengtiespective IR and ESR time scales. By analogy to other systems in the

of endgroup This corresponds to the limiting HOMO/LUMO literature36®57 the electronic coupling or resonance energy
energy gap for each series of compounds. Since they areshould decrease with bridge length. Hence, this additional
essentially equal, a similar value can confidently be assignedthermodynamic driving force will be greatest flReCsRe.
to valence formsdl andIV of carbyne. The second oxidation potentials fall into a narrower range.

As shown by Figure 1, the longest wavelength bands of Except for ReC4RetX ™, they also shift monotonically in a
ReCRe are never the most intense. Per the HOMO analysis thermodynamically less favorable direction. The unique position
above, these transitions would be expected to originate from of ReC,Re™X~ compared to those of the three next higher
orbitals with high rhenium d character. A possible analogy homologues might be due to an extraordinarily high resonance
would be the n— s* absorptions of ketones, which are energy, or Coulombic repulsion associated with introducing the
symmetry forbidden and show much lower extinction coef- second positive charge. The second and first oxidation potentials
ficients. Regardless, we hypothesized that the most intense banq[/ie|d comproportionation constant&¢ Figure 3), which are
in every spectrum represented the transition from the orbital defined as exemplified in Scheme 2. These generally track other
with the greatest degree of #C), # HOMO character. The  measures of electronic communication between the end-
energies were plotted versuslising maxima obtained from group$21657and, as expected, decrease with chain length.
Gaussian curve fitting (Experimental Section). As depicted in  pespite the quite reversible electrochemical generation of the
the inset in Figure 1, a good linear correlation was found, giving ¢ and G radical cations and dications, attempts at preparative
565 nm for the corresponding absorptionReC.Re. oxidations have been disappointing. Substituted ferrocenium

In view of the agreement of this value with those of carbon-, gg|ts give rapid oxidations at80 °C, and IR vno bands
silicon-, and hydrogen-capped polyynediyls, we provisionally consistent with radical cations (as well as other ngwbands)
assign the corresponding transitions as those with the highestcan pe detected. However, the primary products are unstable at
degree ofr — 7* character. However, we caution that the slope |ow temperatures. Similar experiments with 2 equiv of ferro-
differs greatly from those of other plotS An endgroup effect  cenjum salts give some NMR signals consistent with dications,
is to be expected, but it will be important to assay other pyt rapid decompositions again ensue. Figure 5 shows that the
LmM(C=C):ML systems. An analogous plot involving the  carbon chains become much more “exposed”, and thus suscep-
best-defined longest wavelength band®efCi.Re, ReCigRe, tible to intermolecular reactions, with increasing length. One
and ReCyRe (472, 548, 610 nm after curve fitting) gives a  possibility for the radical cations would be carberarbon bond-
value of 1082 nm foiReC.Re. This might correspond to the  forming dimerizations analogous to those of some 17-valence-
Iimiting energy of an n— z* type transition. Other polyynediyls  glectron alkynyl complexe$258
with endgroups that bear lone pairs, such aliR=C).NR;, Accordingly, we have designed modified rhenium endgroups
would constitute useful test compounds. However, none are Yetinat provide radical cations and dications with higher thermo-
available. _ _ _ dynamic and kinetic stabilities. The isolation of §pecies will

4. Redox Properties The title compounds are unique among e renorted soof?® These modified systems exhibit much more
Ci2—Cyo polyynediyl families in having redox-active endgroups.  reyersible couples, which will allow better interpretation of the
The cyclic voltammogram oReC,Re in Figure 2 shows tW0  yends in Figure 3 and other important properties. For example,
successive reversible one-electron oxidations corresponding tohere should be a chain length at which radical cations are no
the radical catioiReCyRe" PR~ and dicatiorReC,Re*"2(PF ) longer delocalized on the IR time scale, and perhaps another at

isolated in Scheme Z.The other voltammograms illustrate the \ypich they are no longer delocalized on the slightly slower ESR
progressive decrease in reversibility with chain length. Revers-
ibility is also lower in CHCN than in CHCI,. No reductions (56) (a) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, FJCAm.

; i imi _ Chem. Soc1978 100, 4248. (b) McWhinnie, S. L. W.; Thomas, J. A;;
are observed prior to solvent-imposed limits. Data are sum Hamor, T. A.- Jones, C. J.: McCleverty, J. A.: Collison. D.. Mabbs, F. E.:

mar_iZEd in Figure 3, and several trenC_IS are _eVidem- ~ Harding, C. J.; Yellowlees, L. J.; Hutchings, M. [Borg. Chem 1996 35,
First, as the chain lengthens, the first oxidation potentials 760.
become thermodynamically less favoratieCi;Re vs ReCiRe, (57) (a) Creutz, CProg. Inorg. Chem 1983 30, 1. (b) Crutchly, R. J.

Adv. Inorg. Chem 1994 41, 273.

(55) See Figures 1 and 4 in the following paper: Grutter, M.; Wyss, (58) (a) lyer, R. S.; Selegue, J. R.Am. Chem. S0d987, 109, 910. (b)
M.; Fulara, J.; Maier, J. PJ. Phys Chem A 1998 102 9785 HC1H Unseld, D.; Krivykh, V. V.; Heinze, K.; Wild, F.; Artus, G.; Schmalle, H.;
throughHC,4H). Berke, H.Organometallics1999 18, 1525.
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time scale. In the same vein, Lapinte et al. have found a diiron However, we suggest that bulky electropositive endgroups,

C, dication with closely lyingS = 0 (cumulenic) andSs = 1 which complement the somewhat electronegative sp carbon
(biradical) state$®2cSuch equilibria should also be highly chain-  terminus, will generally be good choices. Thus, transition metals
length-dependent. are likely to play leading roles in the future development of

5. Syntheses and StabilitiesThe key factors controlling the  this field.
pace of future progress in this field are synthetic methods and 6. Conclusion and Outlook Rational syntheses of rhenium-
product stabilities. The reaction types employed above have beercapped polyynediyls that are as long as 20 carbons have been
discussed in previous full papers or noté&so strategic issues  developed. These wirelike systems provide valuable models for
are emphasized here. First, the number of steps required tovalence formdl andIV of the polymeric sp carbon allotrope
accessReCyRe, and the yield drop-off with the “second- carbyne (Scheme 1). Their spectroscopic, stability, and redox
generation” chain extensions in Scheme 6, clearly point to the properties have been rigorously characterized as a function of
desirability of longer sp carbon building blocks. Earlier, we chain length. Ongoing work involves analogues with modified
reported an efficient route to MBIC=CC=CC=CC=CSiMe;.132 phosphines that afford radical cations and dications with much
However, we have been unable to develop methods that utilizegreater stabilities. The latter provide new models for valence
this material directly or efficiently desymmetrize it to a formlil of carbyne. These second-generation complexes allow

monohaloalkyne that could undergo Caei@thodkiewicz cou- a variety of properties to be even more precisely defined.
pling. We are not aware of other usefud Ruilding blocks that
meet reasonable standards of accessibility or safety. Experimental Sectiorf®6!

Convergence is also highly desirable in syntheses, especially ReCiRe. A Schlenk flask was charged wiReCsH (0.066 g, 0.10
for symmetrical molecules. One route ReCy,Re makes use  ymoj) 132 cu(OAc), (0.027 g, 0.15 mmol), and pyridine (3 mL). The
of three G building blocks: ReC,Cu, BrC=CC=CBr, and mixture was stirred at 8C for 2 h. Solvent was removed by oil pump
ReC,Cu (Scheme 5). However, attempted extensions involving vacuum. The residue was dissolved in THF (ca. 2 mL). Silica gel
ReCsCu and BrG=CC=CBr or BrC=CC=CC=CC=CBr?¥’ column chromatography (1& 2 cm; THF) gave an orange-red band.
were unsuccessful. Also, X8CX coupling partners would lead ~ Solvent was removed by oil pump vacuum to greCsRe as an orange
to systems with odd numbers of alkyne units, which are powder (0.047 g, 0.036 mmol, 70%6)>*Anal. Calcd for GiHgdN2O2P>-
otherwise available only as mixtureRéCsRe, Scheme 3; ~ Re&: C,58.08 H 4.57. Found: C, 58.08; H, 4.98% = 0.50. UV—
ReCigRe). As noted above, all cases investigated gave at best S (3:3x 10> M):* 234 (58 000), 262 sh (36 000), 340 sh (5§ 000),
traces of the target complex. Regardless, the procedures give 60/360 (67 000), 390890 (60 000). MS** 1324 ReCyRe", 100%),

for mono- and dihaloalkynes in this paper and previous ¥nes 14 Re?, 37%); no other peaks above 310°013%.
Y pap P NMR:67 H (THF-dg) 7.60-7.54 (m, 12H of 6GHs), 7.40-7.36 (m,

are highly opti_mizeel anel should be of utility to others. 18H of 6GHs), 1.73 (S, 2Q(CHa)s); 3C{*H} (CD,Cl/ THF-dg) 134.9/
As summarized in Figure 4, the title compounds exhibit 1358 (dJcp= 52.9/51.6j-Ph), 134.4/134.9 (dlcp = 9.6/10.4,0-Ph),
remarkable stability in the solid state. Over years of study, no 130.8/130.9 (sp-Ph), 128.8/128.9 (dJcp = 9.3/9.6,m-Ph), 112.7/
explosions have occurred. With respect to synthesis, thesel13.3 (s, ReC), 111.0/109.7 (dJcp = 18.4/16.9, ReC), 101.7/101.5
favorable characteristics suggest thReC4Re should, in (s, Cs(CHs)s), 66.8/66.6 (d,Jcp = 2.9/2.7, ReCC), 63.8/64.5 (s,
principle, be accessible. However, we are presently blocked by ReCCE), 10.3/10.1 (s, &CHs)s); *P{*H} (THF-dg) (ambient tem-

the instability of ReCy,H, which is not detectable under the ~ Perature#80°C) 20.7/20.8 (s). _

standard deprotection conditions in Scheme 6. Thus, oxidativemn'?;%f;- eA C?;h('gr‘l‘é‘:a;k galzghrifrgig Wcl:mj(o:zﬁg)((%(l)%g gé 0(-)13;
couplings that avoid hydrogen-capped chains should prove ’ N e . ' X : e
valuable in future work. One literature protocol did convert mmol), and pyridine (5 mL). The mixture was sfirred at®for 2 h.

. . . . - Solvent was removed by oil pump vacuum. The residue was dissolved
ReC,SiMes directly toReCgRe,* but it was judged unpromising in THF (ca. 3 mL). Silica gel column chromatography ¥82 cm;

due to the slow rate, workup problems due to excess oxidant, THF) gave an orange-red band. Solvent was removed by oil pump
and the likely intermediacy dReC4H. Interestingly, reactions  vacuum. A second silica gel column (202 cm; 3:1 v/v hexane/THF)
of ReCH and Cu(OAc) become more rapid at higher chain

lengths, despite an opposite trend in oxidation potentials. (60) General procedures, solvent and reagent purifications, and instru-
’ . . mental methods are described in the Supporting Informaten= (1°-
On the basis of the limited IRc=c andvno data above, we  cyvie)Re(NO)(PPH).

propose that the thermal decompositions in Figure 4 involve  (61) The compounds in this paper have distinctivestRc fingerprints
initial chain—chain cross-linking. This has abundant precedent that facilitate reaction monitoring. This footnote is used to highlight steps

. - . . where IR monitoring is especially recommended.
with a broad spectrum of 1,3-diyné&The resulting oligomers (62) DSC data for this material are given in Figure 4.

or polymers would feature an extended unsaturated network of  (63) IR data for this material are given in Table 1.
C=C and G=C units, some possible motifs for which are shown  (64) TLC plates, Merck, DC-Fertigplatten, Kieselgel 6@4=1:1 viv

P . - . hexanes/THF.
in Figure 7 ¥1). Such materials also constitute attractive targets (65) All UV —visible spectra were recorded in @Bi,. Absorbances are

for future research. They are related to polyacetylene and mightin nm’e, M1 cmd). Italicized values were obtained by Gaussian curve
similarly give conducting materials when dop&dhe lability fitting of digitized spectra (PeakFit 4.0, Jandel Scientific; autofit peaks IlI

; ; ; ; i, deconvolution option with amplitude threshold 3%, width 5.0, and filter
of ReCyoRe in solution might reflect an analogous impurity 75). These maxima were used in all graphical analyses (Figure 1, inset).

Cata|yze_d cross-linking or an entirely different decomposition  “(gg) positive FAB, 3-NBAmz, are for the most intense peak of isotope
mechanism. envelope; relative intensities are for the specified mass range. (a) Benzene;

P i ; (b) toluene; (c) THF; (d) CHGJ (€) CHCl,.
The kinetic stabilities of polyynediyls are known to be strong (67) ThelH, 12C, and®IP NMR chemicai shifts are i, ppm, and ppm,

functions of the _e_ndgrouﬁ’s.lo Hydrogen obviously offers  respectively, and values are in Hz. Data relevant ®C 13C NMR
unigue decomposition pathways. Smaller groups such as methylassignments are as follows: (a) Earlier widflwith butadiynyl complexes
are believed to facilitate chairchain reactions. At present, there ~ ReCaX established the trenfice > “Jcp > Jce/°Jcp. The last two have

. .. L not yet proved detectable. Therefore, any broadened signal is provisionally
is no quantitative way to compare the stabilitiesREC,Re assigned to ReECC=CC (®Jcs). (b) The RE=C signals are normally

with those of relatedert-butyl, trialkylsilyl, or cyano systems.  farthest downfield. (c) Any=CH signal is the most intense. (d) Tig=

CSi signals are normally downfield of intern@=C signals, which are the
(59) Haley, M. M.; Bell, M. L.; Brand, S. C.; Kimball, D. B.; Pak, J. J.;  most shielded due to well-established anisotropy effects. (e) A useful table

Wan, W. B.Tetrahedron Lett1997 38, 7483. of 3C NMR data for various M(C=C),X species has been compilét.
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gave three orange bands, which were collected separately. Solvents474470sh (10 000). M6 1348 ReCoRe™, 100%), 614 Re™, 56%);

were removed by oil pump vacuum to girReC,;Re (0.028 g, 0.022
mmol, 14%),ReCs;Re (0.088 g, 0.068 mmol, 44%), aiReCsRe (0.030
g, 0.023 mmol, 15%) as orange powders. DataReCsRe:%263 Anal.
Calcd for G:HsoN2O,P;,Rex: C, 57.30; H, 4.64. Found: C, 57.25; H,
4.78.R% = 0.51. UV—vis (1.6 x 1075 M):5 232 (62 000), 32826
(39 000), 354352 (37 000). MS$621300 ReCsRe", 100%), 614 Re*,
62%); no other peaks above 330 018%.

NMR:¢7 H (THF-dg) 7.64-7.58 (m, 12H of 6GHs), 7.40-7.35
(m, 18H of 6GHs), 1.72 (S, 2Q(CHa)s); 3C{'H} (CD;Cly/THF-ds,
—80°C) 135.3/136.3 (dJcp = 52.7/49.2j-Ph), 134.5/135.1 (dlcp =
10.7/10.50-Ph), 130.6/130.7 (d/slep = 2.2/-, p-Ph), 128.7/128.8 (d,
Jep = 10.7/10.0,m-Ph), 112.6/114.3+ 113.9 (s/2sRR,SSt+ RS,SR
Re(C), 106.8+ 106.5/104.2+ 103.3 (2d/2dJcp = 16.8+ 16.0/15.7
+ 16.0, RR,SS+ RS,SRReCC), 101.3/100.8 (SCs(CHa)s), 65.0 +
64.9/65.7+ 65.2 (2br s/2br SRR,SS+ RS,SRReC(), 10.3/10.0 (s,
Cs(CHa)s); 3*P{*H} (THF-ds, ambient temperature80 °C) 21.2/21.1
().

ReGsSiEts,'5? ReCsSiMes, %2 and ReGH. 1% These syntheses were

no other peaks above 400 8f10%.

NMR (CD,Cl,):¢7 *H 7.54-7.46 (m, 12H of 6GHs), 7.45-7.39 (m,
18H of 6GHs), 1.74 (s, 2Q(CHa)s); 3C{*H} 134.4 (d,Jcr = 10.7,
0-Ph), 131.0 (sp-Ph), 128.9 (dJcp = 10.1,m-Ph)8 117.3 (d,Jcp =
15.7, REC), 112.7 (s, ReC), 101.9 (s,Cs(CHz)s), 66.3, 64.1 (2 s,
ReCCGQC0), 66.1 (d,Jcp = 2.7, ReC), 10.3 (s, G(CHa)s); 3P{*H}
19.9 (s).

ReCy,Re. Procedure A.A Schlenk flask was charged witReCsH
(0.069 g, 0.10 mmol), Cu(OAg)0.018 g, 0.10 mmol), and pyridine
(5 mL). The mixture was stirred at 3C for 0.5 h. Solvent was removed
by oil pump vacuum. The residue was extracted with THE (2 mL).
The extract was concentrated (ca. 2 mL). Silica gel column chroma-
tography (20x 2 cm; 2:1— 1:2 v/v hexane/THF) gave an orange-red
band, which was concentrated by oil pump vacuum (ca. 2 mL). Hexane
(10 mL) was added. The orange-brown powder was collected by
filtration and dried by oil pump vacuum to giieeC;.Re (0.048 g,
0.071 mmol, 71%5263 Anal. Calcd for GgHeoN2O-P.Re:: C, 59.11;
H, 4.37. Found: C, 59.25; H, 4.685 = 0.43. UV—vis (1.4 x 10°°

published in connection with other studies, and optimized procedures M):®® 230 (61 000), 280 (48 000), 364 sh (47 000), 38® (63 000),

are given in the Supporting Information.

ReCgH. Procedure A. A Schlenk flask was charged witReCsSiMes
(0.0455 g, 0.0581 mmol), freshly ground,®0; (0.0081 g, 0.058
mmol), and MeOH (5 mL). The mixture was stirred vigorously. After

422/422 (83 000), 470472 (37 000), 512 sh (17 000), 568 (3900).
MS:86a 1372 ReCi.Re™, 100%), 614 Re", 55%); no other peaks above
555 of >26%.

Procedure B. A Schlenk flask was charged witReC,H (0.066 g,

24 h, solvent was removed by oil pump vacuum. The residue was 0-10 mmol) and THF (5 mL) and cooled te45 °C (CO/CH:CN).

extracted with toluene (2 3 mL). The extract was filtered through a
1-cm Celite pad, concentrated by oil pump vacuum (ca. 1 mL), diluted
with hexane (10 mL), and kept at40 °C (freezer) for 16 h. A red-
brown powder was collected by filtration and dried by oil pump vacuum
to give ReCgH (0.0297 g, 0.0418 mmol, 72%), mp 128 dec. Anal.
Calcd for GgHz1NOPRe: C, 60.86; H, 4.39. Found: C, 60.21; H, 4.50.
IR (cm™, THF/KBr): vc=c 2109/2101 s, 2036/2031 s/m, 1971/1969
m/s, vno 1659/1656 vs. UV-vis (2.8 x 1078 M):®5 232 (54 000), 262

sh (35 000), 312 sh (31 000), 336 sh (64 000), 378 (11 000), 418 (6300),

450 (4100). MS®° 711 ReCgH ™, 100%), 614 Re", 25%); no other
peaks above 560 of 25%.

Procedure B.A Schlenk flask was charged wifkeCsSiMe; (0.2810
g, 0.3588 mmol) and THF (10 mL). TherBus;N*F~ (1.0 M in THF/5
wt % H,O; 0.089 mL, 0.089 mmol) was added dropwise with stirring.
After 0.5 h, the mixture was filtered through a 1-cm silica gel pad.
Solvent was removed from the filtrate by oil pump vacuum. The residue

Thenn-BuLi (2.2 M in hexane; 50 mL, 0.11 mmol) was added with
stirring. After 2 h, the cold bath was removed, and Cul (0.019 g, 0.10
mmol) was added. After 30 min, the mixture was cooled-20 °C,
and EtNH (ca. 0.5 mL) was added. A solution of BEECC=CBr (0.01
g, 0.05 mmol¥® in THF (1 mL) was added dropwise. After 10 min,
solvent was removed by oil pump vacuum. The residue was extracted
with THF (2 x 5 mL), and chromatography as in procedure A gave
ReC;:Re as an orange-brown powder (0.031 g, 0.022 mmol, 45%).
NMR:¢7 IH (CD,Cl,/CsDg) 7.52-7.46/7.68-7.60 (m, 12H of 6GHs),
7.46-7.42/7.05-6.94 (m, 18H of 6@Hs), 1.75/1.51, (s, 26&CHa)s);
BC{H} (CD.Cly/C¢Dg)/135.0 (d,Jcp = 49.7,i-Ph)& 134.4/134.5
(d, Jep = 10.4/10.7 0-Ph), 131.0/130.8 (s/dlcp = 2.0, p-Ph), 128.9/
128.9 (d,Jcp = 10.1/10.1,m-Ph), 116.8/117.6 (dJcr = 15.6/15.7,
ReCC), 113.7/114.1 (s, ReD), 102.1/101.5 (s/d)cp = 1.2,Cs(CHa)s),
67.1/67.4, 66.3/66.8, 64.4/66.0 (3 s, ReGIXX), 66.0/66.5 (d,
Jep = 3.3/2.8, ReCC), 10.3/10.2 (s, &CHs)s); 31P{*H} (CeDs) 22.2

was dissolved in a minimum of benzene (ca. 3 mL), and hexane (50 (S)-

mL) was added. The sample was kept&0 °C (freezer) for 16 h. A
dark red powder was isolated by filtration and dried by oil pump
vacuum to giveReGgH (0.1864 g, 0.2622 mmol, 73%).

NMR (CgDe):67 H 7.64-7.58 (m, 6H of 3GHs), 7.06-6.95 (m,
9H of 3GHs), 1.48 (s, G(CHs)s), 1.43 (d,Jup = 1.0,=CH); ¥C{H}
135.3 (-Ph)88 134.5 (d,Jce = 10.7,0-Ph), 130.9 (sp-Ph), 128.7 (d,
Jep = 10.0,m-Ph), 117.2 (dJcp = 15.8 REC), 113.2 (s, ReC), 101.5
(s, Cs(CH3)s), 70.2 (s,CCH), 65.0, 64.1 (2 s, ReCCILC), 68.2 (s,
CCH), 65.4 (d,Jcp = 2.8, ReCC), 64.5 (br s, ReCCCQC), 10.2 (s,
Cs(CHa)s); 3P{H} 20.4 (s).

ReCoRe. A Schlenk tube was charged witReC,SiMe; (0.161 g,
0.219 mmol)i%@ ReGsSiEt; (0.175 g, 0.219 mmol), and toluene (20
mL). Thenn-BusN*F~ (1.0 M in THF/5 wt % HO; 0.22 mL, 0.22
mmol) was added dropwise with stirring. After 0.5 h, the sample was
cannulated into a 60C solution of Cu(OAc) (0.119 g, 0.657 mmol)
in pyridine (20 mL). After 0.5 h, solvent was removed by oil pump
vacuum. The residue was extracted with THFE«(30 mL). The extract
was filtered through a 7-cm silica gel pad. Solvent was removed by
oil pump vacuum. Silica gel column chromatography (& cm; 3:1

ReCi¢Re. A Schlenk flask was charged witReCgH (0.032 g, 0.045
mmol), Cu(OAc) (0.008 g, 0.045 mmol), and pyridine (2.5 mL). The
mixture was stirred at 50C for 0.5 h. Solvent was removed by oil
pump vacuum. The residue was extracted with THE(2 mL). The
extract was filtered through a 2-cm silica gel pad. Silica gel column
chromatography (3& 2 cm; 3:1— 2:1 v/v hexane/THF) gave a dark
red band. Solvent was removed by oil pump vacuum to §e€;cRe
as a dark red powder (0.043 g, 0.030 mmol, 6726Anal. Calcd for
CrHsoN20:P:Re: C, 60.91; H, 4.26. Found: C, 60.99; H, 4.33%
= 0.39. UV-vis (2.1 x 10°° M):®5 232 (63 000), 328 (62 000), 348
(65 000), 402 sh (82 000), 4382 (140 000), 470170(130 000), 548/
548 (61 000), 644 (9900). M&4 1420 ReCiRe", 50%), 614 Re',
100%); no other peaks above 225#0%.

NMR:¢7 14 (CD,Cl,) 7.55-7.46 (m, 12H of 6@Hs), 7.46-7.40 (m,
18H of 6GHs), 1.66 (s, 2G(CHs)s); **C{*H} (CD,Cly) 134.4 (d,Jcp
= 52.6,i-Ph), 134.4 (dJcp = 10.1,0-Ph), 131.2 (sp-Ph), 129.0 (d,
Jep = 10.4, m-Ph), 125.1 (dJce = 15.2, R€C), 113.2 (s, ReC),
102.5 (s Cs(CHs)s), 66.6 (d,Jcp = 2.4, ReCC), 66.7, 66.4, 65.6, 65.5,
65.2 (5 s, ReCCCCCCQ, 10.3 (s, G(CHs)s); 3P{*H} (CeDs) 22.0

v/v hexane/ THF) gave three partially resolved bands. The center cut OF

of the middle band containd®eC,;gRe and minor amounts dReCsRe
andReC;;Re. A second identical column gaWRReC,oRe as an orange
powder (0.0261 g, 0.0194 mmol, 9%8f3Anal. Calcd for GaHeoN2OoP2-
Re: C, 58.83; H, 4.49. Found: C, 58.58; H, 4. 1% = 0.46. UV—
vis (1.2 x 107° M):%5 230 (58 000), 268 (32 000), 274 (32 000), 338
sh (41 000), 366 sh (59 000), 3324 (76 000), 426418 sh (50 000),

(68) Thei-Ph resonance is not observed, or the upfield line of the doublet
is obscured by the-Ph or solvent resonance.

ReCioSiMes. Procedure A. A Schlenk flask was charged with
ReCsH (0.069 g, 0.10 mmol), Cul (0.019 g, 0.10 mmol), and THF (5
mL) and cooled to—45 °C. Thenn-BuLi (2.2 M in hexane; 50 mL,
0.11 mmol) was added with stirrif§.The cold bath was removed.
After 30 min, the mixture was cooled t620 °C, and EtNH (ca. 0.5
mL) was added. A solution of BECC=CSiMe; (0.022 g, 0.11
mmol)**2in THF (2 mL) was added dropwise. After 10 min, solvent
was removed by rotary evaporation. The residue was extracted with
toluene (2x 3 mL). The extract was filtered through a 2-cm silica gel
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pad, and solvent was removed by oil pump vacuum. The residue was
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NMR:®” 1H (CeDe) 7.66-7.52 (m, 6H of 3GHs), 7.14-6.94 (m,

dissolved in a minimum of toluene (ca. 1 mL), and hexane was added 9H of 3GHs), 1.52 (s, G(CH3)s), 0.92 (t,Jun = 8.1, 3CHCH3), 0.47

(ca. 10 mL). The mixture was kept aB0 °C (freezer) for 24 h. Orange-
brown microcrystals were isolated by filtratior80 °C) and dried by

oil pump vacuum to givdReC,cSiMe; (0.041 g, 0.051 mmol, 51%),
mp 160-165 °C dec. Anal. Calcd for GHzNOPReSi: C, 60.65; H,
4.84. Found: C, 60.88; H, 4.9R:5 = 0.61. IR (cnT?, THF): vc=c
2158 w, 2133 w, 2070 w, 2037 vs, 1955 wgp 1662 s. UV-vis (1.7

x 107°M):85 270 (54 000), 280 (55 000), 296 (45 000), 330 (33 000),
356 (51 000), 382 (80 000), 434 (8900), 470 (10 000), 514 (8100). MS:
666807 (ReCi0SiMes™, 100%), 614 Re™, 25%); no other peaks above
100 of >15%.

For procedures B and C, see Supporting Information.

NMR (CD,Cl,):67 H 7.53-7.39 (m, 3GHs), 1.75 (s, G(CHs)s), 0.20
(s, SiMe); 13C{H} 134.3 (d,Jcp = 46.8,i-Ph), 134.3 (dJcp = 11.0,
0-Ph), 131.1 (sp-Ph), 128.9 (dJcp = 9.7, m-Ph), 122.9 (dJcp =
15.1, R€C), 112.7 (s, ReC), 102.2 (s,Cs(CHs)s), 88.7, 88.6 (2 s,
CCsi), 65.7 (d,Jcp = 3.0, ReCC), 64.2 (d,Jcp = 1.8, ReCCCC,
tentative), 65.5, 65.2, 63.7, 63.5 (4 s, ReQITCQC), 10.2 (s, G-
(CHs)s), 0.2 (s, SICH); 3P{1H} 21.8 (s).

ReCy0SiEts. Procedure A.A Schlenk flask was charged wikeCsH
(0.226 g, 0.329 mmol), Cul (0.0658 g, 0.345 mmol), and THF (10
mL) and cooled to-45°C. Thenn-BuLi (2.4 M in hexane; 0.144 mL,
0.345 mmol) was added with stirrir§ After 0.5 h, EtNH (ca. 1 mL)
was added. A solution of BEECC=CSiEt (0.080 g, 0.33 mmol) in
THF (5 mL) was added dropwise. After 30 min, solvent was removed
by rotary evaporation. The residue was extracted with benzerey(3
mL). The extract was filtered, and solvent was removed by oil pump
vacuum. Silica gel column chromatography (2@ cm; benzene) gave
a red-brown band. Solvent was removed by oil pump vacuum. Boiling
hexane (50 mL) was added. The sample was kepta@°C for 24 h.
Orange-brown microcrystals were collected by filtration and dried by
oil pump vacuum to giveReC;cSiEt; (0.123 g, 0.145 mmol, 44%).
DSC (Ti/TdTp):28 135/150/183°C. Anal. Calcd for GsHisNOPReSi:

C, 62.24; H, 5.34. Found: C, 62.16; H, 5.4%% = 0.59. IR (cn?,
THF) ve=c 2157 vw, 2132 vw, 2069 w, 2035 vs, 1955 w§o 1660 s.
UV—vis (9.8 x 107¢ M):5 232 (57 000), 240 sh (54 000), 246 sh
(53 000), 270 (55 000), 280 (55 000), 296 (45 000), 330 (33 000), 354
(50 000), 382 (77 000), 430 (8900), 470 (9900), 514 (7700).5/S:
849 ReCyoSiEts", 100%), 614 Ret, 33%); no other peaks above 300
of >5%.

Procedure B.A Schlenk flask was charged witkeCgH (0.0998 g,
0.140 mmol) and THF (5 mL) and cooled te45 °C. Thenn-BulLi
(2.2 M in hexane; 70 mL, 0.15 mmol) was added with stirdhéfter

(9, Jun = 8.1, 3SICH); 13C{*H} (CD,Cl,) 134.5 {-Ph)%8 134.3 (d,Jcp
=10.7,0-Ph), 131.1 (dJcp = 2.4,p-Ph), 128.9 (dJcp = 10.7,m-Ph),
122.7 (d,Jcp = 15.1, REC), 112.6 (s, ReC), 102.2 (s,C5(CHa)s),
89.7, 87.1 (2 sCCSi), 64.2 (d,Jcr = 1.8, ReC), 66.5, 66.5, 65.0,
64.0, 63.0 (5 s, ReCATCCCQ, 10.2 (S, G(CH3)s), 7.7 (S, CHCH),
4.7 (S,QHZCH3); 31P{ 1H} (CGDS) 20.8 (S)

ReC;;SiMes. A Schlenk flask was charged witReCsH (0.243 g,
0.342 mmol), Cul (0.0652 g, 0.342 mmol), and THF (10 mL) and
cooled to—45°C. Thenn-BuLi (2.4 M in hexane; 0.14 mL, 0.34 mmol)
was added with stirrint After 15 min, EtNH (ca. 0.9 mL) was added.

A solution of BrGGCC=CSiMe; (0.0688 g, 0.342 mmadh? in THF

(5 mL) was added dropwise. The cold bath was removed. After 10
min, solvent was removed by rotary evaporation. The residue was
extracted with benzene (8 5 mL). The extract was filtered through

a 10-cm silica gel column, and solvent was removed by oil pump
vacuum. Silica gel column chromatography (8% cm; 3:1 v/v hexane/
THF) gave a brick red band. Solvent was removed by rotary evapora-
tion. The residue was extracted with a minimum of toluene (ca. 5 mL).
Hexane (30 mL) was added. The sample was kept °C for 24 h.

The supernatant was decanted®( °C), and the red-black microcrystals
were dried by oil pump vacuum to giReC;,SiMe; (0.1220 g, 0.1468
mmol, 43%)7° R:%* = 0.58. DSC Ti/Td/Tp):22 90/106/14C°C. IR (cnT?,
THF): ve=c 2136 w, 2074 w, 2016 vs, 1942 vgyo 1660 s. U\-vis

(1.9 x 1075 M):55 230 (48 000), 280 sh (52 000), 292 (58 000), 306
(59 000), 324 (52 000), 346 (43 000), 386 (53 000), 414 (70 000), 468
(13 000), 508 (14 000), 554 (11 000). MB831 ReCy;SiMes™, 100%),

614 Re", 23%); no other peaks above 400 08%.

NMR:87 IH (CD,Cly) 7.58-7.32 (m, 3GHs), 1.74 (s, G(CHs)s), 0.19
(s, SiMe); 3C{'H} (CD.Cl,) 134.3 (d,Jcp = 11.3,0-Ph), 134.0 i¢
Ph)$8 131.1 (s,p-Ph), 128.9 (dJcp = 10.5,m-Ph), 125.2 (dJcp =
15.4, R€C), 112.9 (s, ReC), 102.4 (s,C5s(CHa)s), 89.2, 88.2 (2 s,
CCsi), 66.0 (d,Jcp = 2.4, ReCC), 66.2, 65.5, 64.7, 64.5, 64.2, 63.4,
63.0 (7 s, ReCCCCCCCCQ, 10.2 (s, G(CHz)s), —0.4 (s, SICH);
3:LP{]‘H} (CD2C|2/C5D5) 22.7/19.6 (S)

ReCyRe. Procedure A3 A Schlenk flask was charged with
ReCycSiMe; (0.085 g, 0.10 mmol), freshly ground,€O; (0.014 g,
0.10 mmol), and MeOH (10 mL). The mixture was stirred vigorously.
After 8 h, solvent was removed by oil pump vacuum. The residue was
extracted with toluene (2 5 mL). The extract was filtered through a
2-cm silica gel pad to give a brown solution ReC,oH.7* Pyridine (5
mL) and Cu(OAc) (0.018 g, 0.10 mmol) were added. The mixture
was stirred at 6CC for 0.5 h. Solvent was removed by oil pump

2 h, the cold bath was removed, and Cul (0.0294 g, 0.154 mmol) was vacuum. The residue was extracted with THE(® mL). The extract

added. After 30 min, the mixture was cooled+t@0 °C, and EtNH

(ca. 0.5 mL) was added. A solution of BECSiEg (0.0338 g, 0.154
mmol)%° in THF (2 mL) was added dropwise. After 10 min, solvent
was removed by oil pump vacuum. The residue was extracted with
benzene (2< 3 mL). The extract was filtered through a 2-cm silica

was filtered through a 2-cm silica gel pad and concentrated (ca. 2 mL).
Silica gel column chromatography (402 cm; 3:1— 1:3 v/v hexane/

THF) gave a greenish brown band. Solvent was removed by oil pump
vacuum. The residue was dissolved in benzene (2 mL). A second
column (40x 2 cm; 3:1 v/v benzene/hexane) gave a dark brown band.

gel pad, and solvent was removed by oil pump vacuum. The residue Solvent was removed by oil pump vacuum. The residue was dissolved

was extracted with boiling hexane (100 mL). The extract was filtered,
and ReC,cSiEt; (0.0306 g, 0.0360 mmol, 26%) was isolated as in
procedure A.

Procedure C33¢A Schlenk flask was charged witReCsH (0.132
g, 0.186 mmol)t-BuOCu (0.0330 g, 0.241 mmdij;° and THF (50
mL). The mixture was stirred fol h and cooled to-20 °C. Then
EtNH; (ca. 0.5 mL) was added. A solution of BECSIEg (0.0407 g,
0.186 mmol) in THF (2 mL) was added dropwise. After 0.5 h, the

cold bath was removed and solvent was removed by oil pump vacuum.

The residue was extracted with toluenex3 mL). The extract was
filtered through a 2-cm silica gel pad, and solvent was removed by oil
pump vacuum. The residue was dissolved in THF (ca. 1.5 mL). Silica
gel column chromatography (36 2 cm; 3:1 v/v hexane/THF) gave a

red band. Solvent was removed by oil pump vacuum. The residue was

dissolved in a minimum of toluene (ca. 0.3 mL). Hot hexane (30 mL)
was added, anReC;0SiEt; (0.0585 g, 0.0360 mmol, 37%) was isolated
as in procedure A.

(69) Tsuda, T.; Hashimoto, T.; SaegusaJTAm Chem Soc 1972 94,
658.
(70) This compound was added in an inert atmosphere glovebox.

in a minimum of CHCI, (2 mL), and hexane (10 mL) was added. A
black powder was collected by filtration and dried by oil pump vacuum
to give ReCyoRe (0.030 g, 0.020 mmol, 4196%.537°R;64 = 0.31. UV~

vis (3.7 x 10°% M):%5 228 (78 000), 384 sh (110 000), 4332
(130 000), 466166 (190 000), 50810 (140 000), 58886 (73 000),
602610 (73 000). MS%6¢ 1469 ReCyoRet, 100%); no other peaks
above 325 of>18%.

(71) This synthesis is based upon methodology reported in the following
paper: Hofmeister, H.; Annen, K.; Laurent, H.; WiechertARgew Chem
1984 96, 720; Angew. Chem., Int. Ed. Engl984 23, 727.

(72) Caution: It has been reported that 1-halobutadiynes can explode
upon heating (de Graaf, W.; Smits, A.; Boersma, J.; van Koten, G.; Hoekstra,
W. P. M. Tetrahedrorl988 44, 6699.). However, we have yet to experience
any problems with Br&CC=CSIiR; (R = Me, Et).

(73) This synthesis is based upon methodology reported in the following
paper: Nishikawa, T.; Shibuya, S.; Hosokawa, S.; IsobeSihlett1994
485.

(74) Data forReCioH: IR (cm™%, MeOH/tolueneyc=c 2162/2164 w,
2114/2116 w, 2058/2058 m/s, 2028/2031 s/vs, 1960/1962 &¢s1652/
1653 vs/s; M8 735 ReCioH ™, 100%), 614 Re*, 25%), no other peaks
above 460 of>7%; 3'P{*H} NMR (C¢Dg)®” 20.3 (S).

(75) Repeated attempts to obtain correct microanalyses were unsuccessful.
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Procedure B.A Schlenk tube was charged witeC,SiEt; (0.0300
g, 0.0353 mmol) and toluene (20 mL). ThelBu,N*F~ (1.0 M in
THF/5 wt % HO; 0.01 mL, 0.01 mmol) was added dropwise with
stirring. After 0.5 h, the sample was cannulated into #GGolution
of Cu(OAc) (0.0083 g, 0.046 mmol) in pyridine (20 mL). After 0.5 h,

Dembinski et al.

mL). The combined organic layers were dried §8@&). Solvents were
removed by rotary evaporation (ice water bath). The residue was
distilled by oil pump vacuum (49C, 0.1 mmHg) to give Br&CC=
CSiEg as a colorless liquid (1.63 g, 6.71 mmol, 54%) that was stored
in a freezer. IR (cm?, film/ether/THF): vc=c 2172/2175/2172 vsls/s,

solvent was removed by oil pump vacuum. The residue was extracted 2091/2093/2091 m.

with benzene (3x 10 mL). The extract was filtered through a 3-cm

NMR (CeDe):®” H 0.94 (t, Juy = 7.82, 9H, CH), 0.49 (q,Jun =

silica gel pad and concentrated by rotary evaporation (ca. 1 mL). Silica 7.89, 6H, CH); **C{*H} 90.4 (s,CCSi), 82.2 (s, €Si; m without'H

gel column chromatography (26 2 cm; benzene) gave a brown-black

decoupling), 67.1 (s, BrC), 40.9 (s, BEC), 7.88 (s, CH. qt without

band. Solvent was removed by oil pump vacuum. The residue was 'H decouplingXJcy = 126.4,2Jcn = 4.9), 4.73 (s, Chi tm withoutH

dissolved in a minimum of C¥Cl, (ca. 1 mL), and hexane (5 mL)
was added. A black powder was collected by filtration and dried by
oil pump vacuum to givé&ReCyoRe (0.0134 g, 0.00912 mmol, 529%).
NMR:67 'H (THF-dg) 7.57—7.48 (m, 12H of 6@Hs), 7.47—7.40 (m,
18H of 6QH5), 1.77 (S, 2@(CH3)5); 13C{1H} (CD2C|2) 134.3 (d,.]cp
= 11.0,0-Ph), 131.1 (sp-Ph), 129.0 (dJcp = 10.6,m-Ph)& 127.3 (d,
Jer = 14.6, REC), 113.2 (s, ReC), 102.5 (s,Cs5(CHs)s), 66.6
(ReCQ), 67.0, 66.5, 65.5, 65.4, 65.3, 64.9, 64.8 (7 s, ReC-
CCCCCCCCQ, 10.2 (s, G(CHz3)s); 3*P{*H} (CsDe/THF-dg) 20.2/21.7
(s).
HC=CC=CSiEt;.2 A Schlenk flask was charged withgSiC=CC=
CSIiEg (8.475 g, 30.42 mmoland ether (100 mL). Then MeiliBr
(2.0 M in ether; 36.5 mL, 36.5 mmol) was added with stirring. After

decoupling,{Jcy = 119.9).

BrC=CC=CBr.373 A Schlenk flask was charged with M&IC=
CC=CSiMe; (5.00 g, 25.7 mmol) and acetone (150 mL) and wrapped
with Al foil (light shield). Then AgNQ (2.20 g, 13.0 mmol) and NBS
(18.5 g, 104 mmol) were added with stirring. After 15 h, saturated
aqueous NKCI (500 mL) was added. The water layer was extracted
with pentane (5x 50 mL). The combined organic layers were dried
(Na:SOy). Solvent was removed by rotary evaporation (ice water bath)
to give a brown residue that was immediately extracted with pentane.
The extract was filtered through a 2-cm silica gel pad and kept
°C for 15 h. Long white needles were isolated by pipeting (or decanting)
the supernate and a denser yellow liquid at the bottom the flask. These
were washed with cold pentane and dried by oil pump vacugf (

24 h, the dark green mixture was slowly poured into saturated aqueous°C) to give BrGGCC=CBr (0.93 g, 4.5 mmol, 17%), mp 5:%2.0

NH.CI (200 mL, 0°C). The aqueous layer was extracted with pentane
(3 x 50 mL). The combined organic layers were dried {8&).

°C. The product rapidly decomposes at room temperature but can be
stored at—30 °C (stock solution or slowly discoloring needles). IR

Solvents were removed by rotary evaporation below room temperature (cm, THF): vc=c 2121 vs. MS (El, 70 eV): 208 (M 100%).

(ice water bath). The residue was vacuum transferred to givee HC
CC=CSiEg as a colorless liquid (2.615 g, 15.91 mmol, 52%) that was
stored in a freezer. IR (cm, ether): vc=c 2187 vs, 2033 s.
NMR (CDCl):¢" *H 2.06 (s, HG), 0.98 (t,Jun = 7.8, CHy), 0.61
(0, I = 7.8, CHy); 3C{*H} 88.6 (s,CCSi), 83.1 (s, CSi), 68.7 (s,
HCC), 66.2 (s, HT), 7.6 (s, CH), 4.3 (s, CH).
BrC=CC=CSiEt3.3%7172A round-bottom flask was charged with
HC=CC=CSiEg (2.03 g, 12.3 mmol), AgN©(0.629 g, 3.70 mmol),

NMR (CeDe):57 13C{*H} 66.7 (s,CCB), 39.0 (s, CBr).

Acknowledgment. We thank the NSF for support of this
research, and Drs. W. Weng, J. Seyler, and D. Rende for
exploratory experiments.

Supporting Information Available: Additional experimen-
tal procedures (see text), tables of IR ahi€ NMR data

and acetone (100 mL). The mixture was stirred. After 10 min, NBS (ReC,H, ReC,SiRs), and representative IR and Raman spectra
(2.42 g, 13.6 mmol) was added. After 8 h, pentane (100 mL) was added. (PDF). This material is available free of charge via the Internet

The mixture was filtered, and the flask was rinsed with pentane (2
10 mL). Ice water (40 mL) was poured onto the combined filtrates
with stirring. The aqueous layer was extracted with pentane @
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