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ordination and resides 0.34 A below the B(2)-B(5) basal plane.
The Fe-B(2,3) distances are significantly shorter (1.97 A) than
the analogous distances in [N(#-C,Hy),]*[2-Fe(CO);BsHg]~ (2.08
and 2,13 i .5 Cu[P(C¢Hs);),BsHsFe(CO), (2.075 and 2.115 A),%
and [u-(Fe(CO)B,Hiz]- (2.2 and 2.20 A) 1 due to the absence
of Fe—H-B bonding in complex 2. The structure of 2 represents
the first crystallographically characterized neutral nido-
ferrahexaborane cluster, although the structure of the directly
related species [N(n-C,Hs),]*[2-Fe(CO);BsH;]™ has been de-
termined.®

The high-yield preparation of 2 by the irradiation of the o-
metalated complex 1 is in sharp contrast to the observed very low
yield (1-3%) of the only product isolated from the irradiation of
the related decaborane(14) cluster [6-Fe(n’-CsH;)(CO),B;oH;;]
(5).32 The product obtained from this reaction, 6-Fe(n’-
C:H;)(CB,gH,;L) (where L = O(CH,CHj;), or THF), was found
to result from the photolytic insertion of the carbonyl carbon into
a borane cluster framework. No analogue of this type of car-
bonyl-inserted complex was observed in the photochemistry of
complex 1.

The clean, high-yield photochemical synthesis of complex 2
provides an excellent route to this complex in relatively large
quantities. The photochemistry of metal borane clusters is ex-
pected to allow for the observation of new structural types and
reaction pathways. Insights into these processes are critical to
the understanding of the reaction chemistry of other organo-
metallic cluster species. The further study of the organometallic
reactions and photochemistry of similar classes of organometallic
cluster compounds is currently in progress in our laboratory.
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Emission Spectroscopic Properties of
1,2-Bis(dicyclohexylphosphino)ethane Complexes of
Gold(I)

Electronic emission has been reported for a few gold(I) dimers
in solution at room temperature.'* Formulations of the electronic
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Figure 1. Excitation (left) and emission (right) spectra of [Au,-
(dcpe);1(PFq), (3) in acetonitrile at room temperature.

1.8

ABSORBANCE

300 350 400 450

WAVELENGTH (nm)

Figure 2. Absorption spectra in acetonitrile at room temperature: 5.02
X 10*and 5.02 X 1075 M [Au,(dcpe)s}(PFq), (—) (3), 7.32 X 107 and
7.32 X 10° M [Auy(depe),](PFg), (--) (1), 4.18 X 10° M [Au-
(depe),]PFg (-+-) (4).

structures of the emissive excited states of these complexes have
emphasized the importance of Au~Au interactions (by analogy
to d®—d® Pt,>7 and d!9—d!0 Pt,? species). In the course of our work
on the coordination chemistry of the ligand 1,2-bis(dicyclo-
hexylphosphino)ethane (dcpe), we have prepared and characterized
an intensely emissive gold(I) complex containing isolated AuP,
units. Our results suggest that excited-state Au-L bonding is a
key factor in Au! photophysics.

Reaction of dcpe with ClAu(tetrahydrothiophene) in acetonitrile
solution yields three principal products: a 1:1 (dcpe:Au) molar
ratio gives Au,(dcpe),?*; a 1.5:1 (dcpe:Au) molar ratio produces
Au,y(dcpe);?*; and, with a large excess of dcpe, Au(depe),* is
formed.»'? Crystal structures of [Au,(dcpe);](PF), (1) and
[Au,(dcpe);1[Au(CN),], (2) have been determined: 1 features

T
200 250

(2) (a) Che, C. M.; Wong, W. T, Lai, T. F.; Kwong, H. L. J. Chem. Soc.,
Chem. Commun. 1989, 243. (b) Che, C. M.; Kwong, H. L.; Yam, V.
W. W.; Cho, K. C. J. Chem. Soc., Chem. Commun. 1989, 885.

(3) (a) Che, C. M.; Kwong, H. L.; Poon, C. K,; Yam, V. W. W. J. Chem.
Soc., Dalton Trans. 1990, 3215. (b) Yam, V. W. W_; Che, C. M. J.
Chem. Soc., Dalton Trans. 1990, 3747.

(4) Miskowski, V. M. Unpublished results.

(5) Roundhill, D. M,; Gray, H. B.; Che, C. M. Acc. Chem. Res. 1989, 22,
5S.

(6) Rice, S. F.; Gray, H. B. J. Am. Chem. Soc. 1983, 105, 4571.

(7) Fordyce, W. A,; Brummer, J. G.; Crosby, G. A. J. Am. Chem. Soc.
1981, 103, 7061.

(8) -Harvey, P. D.; Gray, H. B. J. Am. Chem. Soc. 1988, 110, 2145.

(9) P NMR data in acetonitrile-d; referenced to neat H,PO, [Au,-
(dcpe)2] (PFg), (1), 52.4 ppm (s); [Auy(depe),](PFy), (3), 64.20 ppm
(d), 57.49 ppm (t); [Au(dcpe),)PFg (4), 29.5 ppm (s). The *'P spectrum
of 3 was unchanged over a period of 4 days.

(10) Only Au,(L-L), and Au(L-L), products are obtained with bis(di-
phenylphosphino)ethane. Berners-Price, S. J.; Sadler, P. J. Inorg. Chem.
1986, 25, 3822.

0020-1669/92/1331-1733$03.00/0 © 1992 American Chemical Society



1734 Inorg. Chem. 1992, 31, 1734-1740

binucleated, linear AuP, units; the ethylene groups in the depe
bridges are twisted to give a Au-Au separation (2.936 A) indi-
cative of a metal-metal bonding interaction.!! Each Au atom
in 2 is bound to one chelating dcpe and one bridging dcpe, and
each AuP, unit has a distorted trigonal planar geometry (Figure
1).12 The 2 bridging unit is extended (Au-Au = 7.0501 A);
clearly, no Au-Au interaction is present.

The electronic absorption spectra of 1, [Au,(depe)s] (PFg), (3),
and [Au(dcpe),]PF; (4) in acetonitrile solution are shown in Figure
2: 1 exhibits an intense band at 271 nm (¢ = 10000 M~! cm™)
and a weaker absorption at 320 nm (shoulder); 3 has a relatively
weak absorption at 370 nm (¢ = 300 M~! cm™! per AuP; unit);
and the lowest energy absorption band in the spectrum of 4 is at
240 nm (¢ = 35000 M~ cm™). Emission was observed for 1 as
a solid at 77 K (Ap,; = 489 nm), but not at room temperature;
3 emits both as a solid (A,,, = 501 nm) and in acetonitrile solution
at room temperature (A, = 508 nm, r = 21.1 (5) us, ¢ = 0.80
(5)); 4 is nonemissive (solution or solid). The excitation spectrum
of 3 confirms that absorption at 370 nm leads to emission (Figure
1).
The 370-nm absorption band in the spectrum of 3 is attributable
to a 'A; — E’(’E”) [de*(d,,, d,2_,2) — p,] transition (for Ds,
AuP;)."* Spin-orbit coupling splits the *E” state into A/, A,’,
E’, and E” levels, and the !A, — E’ transition is allowed. In the
linear AuP, structure of 1, the d,,, d,,2 level is no longer de-
stabilized by o(AuP) interactions, and the transitions from this
level to p, are expected to occur at much higher energy. The 271-
and 320-nm bands in 1, therefore, are logically due to transitions
to do*(d,2)pa(p,) singlet! and triplet states. Owing to its ap-
proximately tetrahedral AuP, structure, the valence p obitals of
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4 are strongly ¢ antibonding. Accordingly, the lowest intense
absorption band in 4 appears at a relatively high energy (240 nm).

Compound 3 is the first example of a gold complex containing
an isolated Au' unit that emits in solution at room temperature.
This emission appears to be a property of the sterically protected
AuP; monomeric unit.!> Although there are a few reports of other
three-coordinate gold(I) complexes,'#!* most of the compounds
are only stable as solids. In solution, facile ligand dissociation
occurs to give the more stable linear Au,(L-L), complexes;!¢
however, the trigonal planar geometry of each AuP, unit in 3
retains its integrity in solution.’

The large Stokes shift between 'A; — E’(’E”’) absorption (370
nm) and *E” emission (508 nm) indicates that a severe distortion
of the AuP; structure occurs in the excited state. Depopulation
of da*(d,,, d,>.,») should strengthen the Au-P bonds, thereby
leading to a substantial contraction of the AuP; unit. Our results
clearly show that long-lived Au! excited states can be generated
efficiently by irradiation of sterically protected Au! monomeric
units in solution. The oxidation-reduction chemistry of these
excited states should be a rich area for exploration.
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Recent *C NMR studies claim to have uncovered a flaw in the structure of CaC, as previously determined by powder neutron
diffraction. It has been suggested that the apparent discrepancy between the 1*C NMR spectra and this structure is due to statistical
disorder in the orientation of the C, dimer. Here, alternative CaC, structures in which the dicarbide unit has reoriented are explored
by means of tight-binding extended Hiickel band calculations. These calculations show the preferred orientation to be parallel
to the c-axis, as found in the original structural refinements. However, they also reveal an extremely low-energy barrier for
distortions in which the C, dimer rotates into a face of its octahedral Ca environment, and a somewhat higher barrier for distortions
into an edge. The orbital interactions associated with the former distortion are examined in detail. Finally, a dicarbide-pairing
distortion is considered and a fluxional model for the structure proposed.

Introduction

The CaC, structure adopted by most alkaline-earth carbides
has long been cited in inorganic texts as the simplest example of
a saltlike dicarbide.! The structure (Figure 1) consists of Ca?*
and C,* ions arranged in a tetragonally distorted derivative of
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tCornell University.

§ Universitdt Hannover.

the NaCl structure, the distortion being due to the alignment of
the C, dimers along the c-axis. This structure was determined
from a powder neutron diffraction study, revealing that CaC,
crystallizes at room temperature in the body-centered tetragonal
system with space group I4/mmm (D,,'") and unit cell parameters
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