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Scheme II°
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“Reagents: (a) PdCL(PPh;),, Cul, Et;N, 85 °C, 2.5 h; (b) SnCl,
2H,0, HCI, ether, -50 °C, 30 min.

In the case of tetrakis(4-tert-butylphenyl)hexapentaene (1¢),!2
1 equiv of Ni(CO),(PPh,), was required for the reaction, and the
dimer 2¢!? was obtained only in 34% yield, owing to a steric
repulsion between the large tert-butyl groups.

The molecular models show that the dimer 2 has a twisted
structure with C, symmetry. Thus, each benzene ring should be
located at a relatively short distance. In agreement with this
consideration, 'H NMR spectra of these dimers show upper field
shifts of aryl protons due to the shielding effect of the closely
situated neighboring benzene ring. Electronic spectra of the dimers
show broad, strong absorptions tailing up to 750 nm, corresponding
to the deep blue color in solution. The dimers have 1,2,3,5,6,7-
octahexaene structures which may cyclize to give 1,2-di-
vinylidenecyclobutene derivatives. However, 2a—c are rather stable
in prolonged heating or nickel catalysts.
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The uncertainty in the structural determination of 2a—c could
not be eliminated completely by using their spectroscopic analysis.
Therefore, we carried out the synthesis of 2a by the stepwise,
independent pathway. The palladium-catalyzed coupling!* of 4'3
with the ethynyl alcohol 5 gave the diol 6 in 73% yield (Scheme
IT). Reduction of 6 with SnCl,!¢ in ether containing hydrogen
chloride gave 5a in 68% yield. The compound thus synthesized
exhibited spectral data identical with those of the nickel-catalyzed
dimer.

The selective formation of 2a—c reveals that the complexation
and reaction of [S]cumulenes with nickel occur not at the central
cumulenic sp—sp bond but at the lateral cumulenic sp—sp bond,
i.e., the C,—C; or C;~C;5 bond of hexapentaene. The nickel-
catalyzed cyclooligomerization of [3]cumulenes proceeds via a
five-membered nickelacycle intermediate.!”  Therefore, the

(12) This compound was prepared from 4,4’-di-tert-butylbenzophenone:
Buu-Hoi, N. P,; Royer, R ; Xuong, N. D.; Thang, K. V. Bull. Soc. Chim. Fr.
1955, 1204-1207.

(13) 2¢: dark blue fine crystals, mp 200 °C dec; MS m/z 1208 (M*); 'H
NMR (500 MHz, CDCl,) é 7.46 (m, AA’BB’, 8 H), 7.30 (d, J/ = 8.7, 4 H),
7.29 (brd,J =8.4,4 H),7.16 (d,J = 8.7, 4 H), 6.93 (br d, J = 8.4, 4 H),
6.89 (d, J = 8.1,4 H), 6.82 (br d, J = 8.1, 4 H), 1.40 (brs, 18 H), 1.25 (s,
18 H), 1.24 (s, 18 H), 1.11 (br s, 18 H); UV-vis (THF) Ap., (log ¢) 234

~(4.68), 303 (4.67), 390 sh (4.67), 416 (4.83), 515 sh (4.09), 623 nm (4.19).

(14) (a) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Let:. 1975,
4467-4470. (b) Takahashi, S.; Kuroyama, Y.; Sonogashira, K.; Hagihara,
N. Synthesis 1980, 627-630.

(15) (a) Toda, F.; Ishihara, H.; Akagi, K. Tetrahedron Lett. 1969,
2531-2534. (b) Toda, F.; Kumada, K.; Ishiguro, N.; Akagi, K. Bull. Chem.
Soc. Jpn. 1970, 43, 3535-3539,

(16) Iyoda, M.; Nakagawa, M. Tetrahedron Lett. 1973, 4743-4746; Bull.
Chem. Soc. Jpn. 1978, 51, 3363-3367, and references cited therein.
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mechanism for the cyclooligomerization of tetraarylhexapentaenes
can be recognized as follows. The first step is the formation of
the hexapentaene (C,-C;)—nickel complex, followed by the syn-
bishexapentaene w-complex. The regioselective #—7 coupling at
C, or C; carbons results in the formation of the nickelacyclo-
pentane 7 or 8. Finally, reductive elimination of the nickela-
cyclopentane produces the head-to-head dimers 2a-c.

Ph  Ph
Ph—  Ph Fhin
N Ph Ph
Ph Ph Ph Ph
Ni FONi h%
Ph L ph Ph Le Ph
7 8

(17) Stehling, L.; Wilke, G. Angew. Chem., Int. Ed. Engl. 1985, 24,
496-497.
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Of all the common solvents available to the synthetic chemist,
dichloromethane is perhaps the only one that is commonly thought
of as “polar but noncoordinating”.* We now report the structure
of Ag,(CH,Cl,),Pd(OTeF;), (I), shown in Figure 1.> The
structural results leave no doubt that dichloromethane can co-
ordinate to metal ions, that it can use both chlorine atoms to form
four-membered chelate rings, and, if a metal ion is unsaturated
enough, that more than one dichloromethane molecule can co-
ordinate to it. We also report two different spectroscopic methods
for determining whether or not dichloromethane is coordinated
to a metal ion.

Until recently, the weak bonding between metal ions and
chlorine atom lone pairs of chlorocarbon solvents, while suspected
by many chemists, had not been confirmed. IR and NMR spectral
data strongly suggested the coordination of dichloromethane to
the [CpMo(CO);*1¢ and [CpRe(NO)(PPh,)*]’ cations, respec-
tively. The structure of [Phy,C*][PtCl;(CH,Cl,)"] suggested a
Pt—CICH,CI bonding interaction, but reliable metrical details
of this interaction could not be determined because of disorder
and “the questionable quality of the data due to crystal decom-

(1) Colorado State University.

(2) Middle Tennessee State University.

(3) Alfred P. Sloan Research Fellow, 1987-1989.

(4) This terminology has been used in hundreds of papers. A recent
example is as follows: Bond, A. M.; Ellis, S. R.; Hollenkamp, A. F. J. Am.
Chem. Soc. 1988, 110, 5293.

(5) For Ag,(CH,Cl,),Pd(OTeF;),: triclinic PT, a = 8.923 (2) A b=
9.953 (3) A, c=9.985(2) A, o = 114,23 (2)°, 8 = 100.54 (2)°, v = 91.42
@)°,V=1790.1 A%, Z=1, T=-130°C, pgo = 3.40 g cm™!, F(000) = 728.0.
Nicolet R3m diffractometer, 6/28 scans, 4° < 28 < 55°; xh,~k,%/; 3399
reflections with |F,| > 2.550|F,|. Lorentz and polarization corrections; em-
pirical absorption correction, u(Mo Ka) = 63.1 cm™!, T = 0.730-0.958.
Weighted least-squares refinement on F with neutral atom scattering factors
and anomalous dispersion, anisotropic thermal parameters for non-H atoms,
196 parameters, H atoms in idealized positions; R = 0.041, R,, = 0.045, GOF
= 1.63, slope of normal probability plot = 1.42.

(6) Beck, W.; Schloter, K. Z. Naturforsch. 1978, 33B, 1214.

(7) (a) Fernandez, J. M.; Gladysz, J. A. Inorg. Chem. 1986, 25, 2672. (b)
Fernandez, J. M.; Gladysz, J. A. Organometallics 1989, 8, 207.
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Figure 1. Drawing of the Ag,(CH,Cl,),Pd(OTeF;), molecule (50%
probability ellipsoids). Selected bond distances and angles are as follows:
Ag-Cll1, 2.775 (2) A; Ag-CI2, 2.811 (2) A; Ag-Cl3, 2.859 (2) A; Ag-
Cl4, 2.882 (2) A; Ag-0,,, 2.468 (6) A; Pd-0,,, 2.011 (6) A; Cl11-CI-
Cl2, 109.4 (4)°; C13-C2-Cl4, 111.3 (4)°; O1-Ag-02, 66.9 (2)°.

position.”® A recent report from our laboratory described the
synthesis and structure of [AgOTeF;(1,2-C,H,Cl,)], (II), in which
chlorine atoms of a related chlorocarbon solvent are coordinated
to silver(I) ions.” The bonding between iodocarbons and metal
ions has been the subject of several recent investigations.1%!3
Perhaps because of the apparent difference in both strengths RI-M
> RCI-M,!*!2 many more compounds containing coordinated
iodocarbons have been isolated and structurally characterized by
X-ray diffraction,!%-12

Compound I was prepared from AgOTeF;*!'¢ and anhydrous
PdCl, as shown ineq 1. The same products were generated in

CHyCly

24h, 25 °C
2AgCl + Ag,(CH,Cl;),Pd(OTeFs), (1)

4AgOTeF; + PdCl,

the presence of excess PdCl,; no Pd(OTeFs), was formed. After
removing AgCl from the reaction mixture by filtration, amber
crystals of T were grown by slowly cooling a concentrated di-
chloromethane solution to =20 °C. These extremely hygroscopic
crystals readily effloresce (by loss of dichloromethane) in a
N,-filled glovebox at 25 °C. Nevertheless, crystals of I were
isolated, examined, and mounted on the diffractometer without
allowing the crystals to warm to above -20 °C.}

Two symmetry-related Ag(CH,Cl,),* moieties are bridged by
the centrosymmetric Pd(OTeF;),*~ core, which contains a planar
PdO, array. To within experimental error, the two bidentate
dichloromethane ligands are unperturbed from the gas-phase
structure of dichloromethane: bound C-Cl,, = 1.76 (2) A, Cl-
C-Cl,, = 110.4 (6)°; free C-Cl = 1.7724 (5) A, CI-C-Cl =
111.78 (2)°.'7 The ligand containing Cl is bound more strongly
to the Ag(l) ion (Ag—Cl,, = 2.793 (3) A) than the ligand con-

(8) (a) Cook, P. M,; Dahl, L. F.; Dickerhoof, D. W. J. Am. Chem. Soc.
1972, 94, 5511. (b) Cook, P. M. Thesis, University of Wisconsin, Madison,
1972. :

(9) Colsman, M. R,; Noirot, M. D.; Miller, M. M.; Anderson, O. P;
Strauss, S. H. J. Am. Chem. Soc. 1988, 110, 6886.

(10) Crabtree, R. H,; Faller, J. W,; Mellea, M. F.; Quirk, J. M. Organo-
metallics 1982, 1, 1361.

(1}1% Burk, M. J.; Segmuller, B.; Crabtree, R. H. Organometallics 1987,
6, 2241,

(12) Winter, C. H.; Arif, A. M,; Gladysz, J. A. J. Am. Chem. Soc. 1987,
109, 7560.

(13) Kulawiec, R. J.; Crabtree, R. H. Organometallics 1988, 7, 1891.

(14) Winter, C. H; Veal, W. R.; Garner, C. M,; Arif, A. M.; Gladysz, J.
A., submitted for publication.

(15) Theoretical studies on M-IR bonding and reactivity: (a) Ortiz, J. V.;
Havlas, Z.; Hoffmann, R. Helv. Chim. Acta 1984, 67, 1. (b) Czech, P. T;
Gladysz, J. A.; Fenske, R. F., submitted for publication.

(16) Strauss, S. H,; Noirot, M. D.; Anderson, O. P. Inorg. Chem. 1985,
24, 4307.

(17) Myers, R. J.; Gwinn, W. D. J. Chem. Phys. 1952, 20, 1420.
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taining C2 (Ag—Cl,, = 2.871 (3) A). Both chelates have small
“bites” (Cl1-Ag-Cl2 = 62.1 (1)°, CI3-Ag-Cl4 = 60.6 (1)°),
which is a common feature of four-membered chelate rings with
second-row donor atoms (cf. transition-metal dithiocarbamates!®).
The bond angles at the chlorine atoms span a small range, 92.1
(2)-94.5 (3)°. The “optimum” M—CI-C angle is not known, since
no complex with a monodentate chlorocarbon has been structurally
characterized. For the 1,2-dichloroethane five-membered chelate
rings in 11, the average Ag—CI-C angle is 103.0 (8)°.° For two
monodentate iodocarbon complexes, the M-I-C angles are 106.9
(8)° (M = Ir(III); average of two values)'! and 102.5 (5)° (M
= Re(D))."”?

While the results above show that the structure of dichloro-
methane is not significantly changed upon coordination to silver(I),
X-ray diffraction is not as sensitive a probe as some spectroscopic
techniques. IR spectroscopy could potentially probe changes in
carbon-chlorine bonding that occur upon coordination, if »(CCl)
bands could be assigned reliably. For dichloromethane, the »-
(CCl) sy stretching normal mode is mixed with the 6(CH,)
rocking normal mode (both have B, symmetry);'*® a pair of strong
bands that are predominantly (CH,) and »(CCl),q,,, were found
at 1262 and 743 cm™, respectively, for dichloromethane dispersed
in Nujol. For dichloromethane-d,, these bands were shifted to
952 and 716 cm™, demonstrating that deuterium substitution can
be used to assign one of the carbon—chlorine stretching bands of
coordinated dichloromethane. For [AgOTeFs(CH,Cly)],,° 11,
a band at 738 cm™ was assigned to »(CCl) g,y since it was absent
from the IR spectrum of [AgOTeFs(CD,Cl,)], (Figure 2, Sup-
plementary Material). Since »(CCl)yym only decreased by 5 cm™
for this compound, very little change in carbon—chlorine bonding
was apparent. Coordination of dichloromethane may be stronger
in I than in III, since »(C—Cl) gy, for I shifted by 18 em™ to 725
cm™! (this band was absent from the spectrum of I-dg).

Another sensitive probe of M-CI-C bonding is **Cl nuclear
quadrupole resonance (NQR) spectroscopy. It can distinguish
between chlorine atoms that are bonded to metal ions and those
that are not?! and has been used to characterize metal complexes
of the 2,6-dichlorophenolate ion and related ligands, which can
form five-membered chelate rings containing M—CI-C linkag-
es 2104822 For example, the compound Ag(2,4,6-trichloro-
phenolate)(PPh;), contains a weak Ag—Cl bond of 3.160 (2) A
between the silver ion and one of the two ortho chlorine atoms.?
At 77 K, the 33Cl NQR frequency of the coordinated ortho
chlorine atom was 1.500 MHz lower than the frequency of the
noncoordinated ortho chlorine atom.?* Similar shifts were ob-
served for compounds I-11I at 77 K: free dichloromethane, 35.991
MHz;** 1, 35.483, 34.827 (double intensity, presumably due to
overlap of two signals), and 34.640 MHz; 111, 34.498 and 34.230
MHz; free 1,2-dichloroethane, 34.361 MHz;2* 11, 32.036, 31.828
(double intensity, presurnably due to overlap of two signals), and
31.700 MHz. Except for two pairs of overlapped signals, each

(18) Bhat, A. N.; Fay, R. C.; Lewis, D. F.; Lindmark, A. F.; Strauss, S.
H. Inorg. Chem. 1974, 13, 886.

(19) Herzberg, G. Infrared and Raman Spectra; Van Nostrand Reinhold:
New York, 1945; p 317.

(20) Palma, F. E.; Piotrowski, E. A.; Sundaram, S.; Cleveland, F. F. J.
Mol. Spectrosc. 1964, 13, 119,

(21) (a) Wulfsberg, G. P.; Frye, J. S.; Buchanan, III, A. C.; Weiss, A.;
Jui, C. C.-C,; Davis, D. A.; Bass, K.; Todd, R. W. Organometallics 1987, 6,
2363. (b) Wulfsberg, G. P.; Buchanan, III, A. C.; Rubin, 1.; Weiss, A.; Davis,
D. A.; Bass, K.; Todd, R. W,; Jui, C. C.-C. Z. Naturforsch. 1986, 414, 175.
(c) Wulfsberg, G.; Yanisch, J.; Meyer, R.; Bowers, J.; Essig, M. Inorg. Chem.
1984, 23,715. (d) Meyer, R.; Gagliardi, J., Jr.; Wulfsberg, G. J. Mol. Struct.
1983, /11, 311. (e) Wulfsberg, G.; Weiss, A. Ber. Bunsenges. Phys. Chem.
1980, 84, 474. (f) Wulfsberg, G.; Brown, R. J. C.; Graves, J.; Essig, D.;
Bonner, T.; Lorber, M. Inorg. Chem. 1978, [7, 3426. (g) Wulfsberg, G.;
West, R.; Rao, V. N. M. J. Organomet. Chem. 1975, 86, 303.

(22) (a) Smith, G.; O’'Reilly, E. J.; Reynolds, B. J.; Kennard, C. H. L;;
Mak, T. C. W. J. Organomet. Chem. 1987, 331, 275. (b) Simonov, Y. A.;
Dvorkin, A. A.; Matuzenko, G. S.; Yampol'skaya, M. A.; Gifeisman, T. S.
Koord. Khim. 1984, 23, 715,

(23) Wulfsberg, G.; Shi-qi, D.; Gagliardi, J., Jr.; Weiss, A., manuscript
in preparation.

(24) Lucken, E. A. C. Nuclear Quadrupole Coupling Constants: Aca-
demic Press: London, 1969; pp 169-170.
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unique coordinated chlorine atom gave rise to a discrete signal.
Furthermore, the observed shifts were generally in excess of the
shifts that can be produced by solid-state effects.?’

The extraordinary solubility of I-1II in chlorocarbon solvents,®
the high lability of the chlorocarbon ligands,’® and the weak basicity
of the ancillary teflate (OTeFs”) ligands? may combine to yield
a new class of reactive homonuclear and heteronuclear metal
complexes. The chemical properties, usefulness, and limitations
of I-11I and similar compounds will be the subjects of forthcoming
papers from our laboratory.
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(25) Weiss, A. Topics in Current Chemistry; Springer-Verlag: Heidelberg,
1972; Vol. 30, p 1.

(26) (a) Seppelt, K. Angew. Chem., Int. Ed. Engl. 1982, 21, 877. (b)
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Diazenes (NR=NR’) comprise one of the most simple, ru-
dimentary classes of nitrogen-containing compounds, but while
the moderately thermally robust disubstituted derivatives (R, R’
= carbyl function) have been well studied,' fundamental questions
concerning the chemistry of the highly unstable protic diazenes
(NH=NH and NH=NR) remain. The chemistries of the latter
(where facile loss of dinitrogen dominates) differ significantly from
that of their disubstituted counterparts.>® Interest in these protic
diazenes stems in large part from the established synthetic utility
of diazene in stereoselective cis hydrogenations of olefins and
acetylenes,* from the intriguing possibilities the monosubstituted
diazenes offer for analogous reductions of olefins and acetylenes
in a new type of carbon—carbon bond-forming reaction as well
as from a desire to better understand some important organic

(1) The Chemistry of the Hydrazo, Azo and Azoxy Groups; Patai, S., Ed ;
Wiley: New York, 1975.

(2) For reviews of NH=NH, see: (a) Hiinig, S.; Miiller, H. R.; Thier,
W. Angew. Chem., Int. Ed. Engl. 1965, 4, 271. (b) Miller, C. E. J. Chem.
Ed. 1965, 42, 254.

(3) For the chemistry of trans-NH=NR, see: (a) Kosower, E. M. Acc.
Chem. Res. 1971, 6, 193. (b) Kosower, E. M.; Huang, P. C. J. Am. Chem.
Soc. 1968, 90, 2367.

(4) (a) Corey, E. J.; Mock, W. L.; Pasto, D, J. Tetrahedron Lett. 1961,
347, (b) Hiinig, S.; Miiller, H.-R.; Thier, W. Ibid. 1961, 353. (c) Corey, E.
J.; Pasto, D. J.; Mock, W. L. J. Am. Chem. Soc. 1961, 83, 2895. (d) van
Tamelen, E. E.; Dewey, R. S;; Timmons, R. J. Ibid. 1961, 83, 3725. (e) van
Tamelen, E. E.; Dewey, R. S.; Timmons, R. J. Ibid. 1961, 83, 3729. (f) van
Tamelen, E. E.; Timmons, R. J. Ibid. 1962, 43, 1067.
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reactions in which NH=NR species are thought to be key in-
termediates (e.g., oxidations of hydrazines, Wolff—Kishner re-
ductions, and reductive deaminations).’

An interesting feature in the reaction chemistry of the protic
diazenes is that while they are generally synthesized as the trans
geometrical isomers, a trans — cis isomerization is usually invoked
as a crucial (rate-determining) prerequisite to N, extrusion. For
example, the involvement of ¢is-NH=NH in the diazene re-
ductions of olefins and acetylenes is usually cited to explain the
observed stereochemistries of the products (eqs 1-3).# Unfor-
cis-CHR=CHR + ND=ND —

meso-CHDR—CHDR + N, (1)

trans-CHR=CHR + ND=ND — d/-CHDR—CHDR + N,
2

R—C=C—R + NH=NH —
cis-CHR=CHR + CH,R—CH,R + N, (3)

tunately, protic diazenes possessing cis geometries were unknown
until recently, so notions regarding a special (or enhanced) re-
activity of the cis isomers with respect to the trans isomers could
not be tested. Our recent report of a general method for preparing
monosubstituted cis-aryldiazenes, by a high yield displacement
reaction of the diazene from a transition-metal complex,® affords
the first opportunity for studying details of the chemistry of this
elusive molecular class, and herein we describe the reactivity of
cis-phenyldiazene with some simple alkynes.

The reaction of [trans,trans-W{(NH=NPh)(CO),(NO)-
(PPh;),*][PFs7] (1)7 with [#-Bu,N*][Br7] at 5 °C can be used
to cleanly generate synthetically useful quantities of cis-NH=NPh
(2).5 Because 1is soluble in a variety of organic solvents (including
aromatic hydrocarbons) and since 2 exhibits moderate thermal
stability in the absence of air, the displacement reaction provides
a powerful, flexible method for surveying the reactivity of 2 with
potentially reactive organic substrates. When 2 is generated and
allowed to react (CH,Cl, solution, 5 °C, 3 h) in the presence of
a large excess of 1-hexyne (i.e., “trapping conditions” with [H—
C=C—C,H,] > [2]), (E)-1-phenylhexene can be isolated from
the reaction mixture in about 20% total yield based on 1 (eq 4).}

D CHy

cis-NH=NPh + D-CsC-CqHg (excess) » = + CeHg + N2 (@)
Ph
20 % 80 %

With 1-hexyne-d, reduction with 2 gives the alkene-d, in which
the label is incorporated specifically at the former C-1 carbon of
the alkyne. We do not observe the Z isomer when the reaction
is monitored by 'H NMR, suggesting at least an 8:1, E:Z spe-
cificity.® As in the reductions of alkynes with NH=NH, the
reaction shown in eq 4 proceeds with formal cis addition of H"
and Ph* from 2 to the alkyne.** However, when 2 is allowed to
react with an excess of 1-phenylethyne (same conditions as above),
both cis- and trans-stilbene can be isolated (4:1, cis:trans) from
the reaction mixture in about 15% total yield based on 1 (D—
C=C—Ph yielding solely stilbenes-d,) (eq 5).5 Thus, the major
olefinic product in eq 5, cis-stilbene, arises from a formal trans
addition of H* and Ph* from 2 to 1-phenylethyne.
cis-NH=NPh + D—C=C—Ph (excess) —

CDPh=CHPh + C,H; + N, (5)

12% cis
3% frans 85%

(5) (a) Cram, D. J.; Bradshaw, J. D. J. Am. Chem. Soc. 1963, 85, 1108.
(b) Huyser, E. S.; Wang, R. H. S. J. Org. Chem. 1968, 33, 2901. (c) Szmant,
H. H.; Roman, M. M. J. Am. Chem. Soc. 1966, 88, 4034. (d) McFadyen,
J. S.; Stevens, T. S. J. Chem. Soc. 1936, 584. (e) Nickon, A.; Hill, A. S. J.
Am. Chem. Soc. 1964, 86, 1152, (f) Bumgardner, C. L.; Martin, K. H,;
Freeman, J. P. Ibid. 1963, 85, 97. (g) Doldouras, G. A.; Kollonitsch, J. 7bid.
1978, 100, 341.

(6) Smith III, M. R.; Hillhouse, G. L. J. Am. Chem. Soc. 1988, 110, 4066.

(7) Hillhouse, G. L.; Haymore, B. L. Inorg. Chem. 1987, 26, 1876.

(8) Products were isolated by chromatography on silica gel and charac-
terized by 'H NMR, 13C NMR, and GC/MS. Product ratios were quantified
by GC by using a dodecane internal standard. See Supplementary Material
for experimental details.

(9) The E stereochemistry is assigned on the basis of its characteristic
vinylic proton coupling constant, 3Jyy = 16 Hz.
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