
Communications to the Editor 3965 

Scheme IIa 

t-BuO 

"(a) excess CH3SO5Cl, (C2HS)3N, THF; aqueous NaOH; (b) Stiles 
reagent, then CH,0, (C2H5)2NH, CH3CO2H;21 (c) Scheme I, steps 
g-i. 

nation15 (in 75% crude yield) provided crystalline (±)-l, mp 
178-181 0C, which was identical in all respects except for 
optical rotation with authentic (+)-l, by TLC, 1H NMR, IR 
and MS.16 

Having rigorously characterized (±)-l, we returned to 6 and 
undertook regiospecific C-8 epimerization of the latter, to gain 
access to aromatin (2) as well (Scheme II). The dried potas
sium salt of hydrolyzed 6 (KOH-CH3OH) was reacted with 
excess mesyl chloride and triethylamine in tetrahydrofuran 
(sulfene-generating conditions'7), so as to favor C-8 hydroxy I 
activation,™ necessary for inversion, at least competitively with 
carboxyl activation,19 which normally predominates during 
arenesulfonylation20 (and promotes lactonization with ste
reochemical retention20). The crude mixed anhydride-C-8 
mesylate so produced was treated directly with aqueous sodium 
hydroxide, resulting in quantitative isolation of crude 8:6b IR 
(neat) 1780, 1200 cm -1 (~85% inversion, based on NMR 
integration of C-8 proton signals, at 5 4.8 in 8 and 4.2 in 6). The 
latter was treated with Stiles reagent, whereupon wwcarbox-
ylated residual 6 was removed by extraction, followed by 
Mannich alkylation-decarboxylation according to Parker and 
Johnson.21 The cis-fused methylenelactone 9613 [mp 95-97 0C; 
IR (neat) 1760, 1660 cm - 1], preparable in 50% yield from 6 
(three steps), was then converted into 2 using the same reac
tions1315 employed in the 7 - • 1 transformation. During this 
series, crystalline 2,3-dihydroaromatin6b (2,3-dihydro-2) was 
obtained in high purity, mp 113-114 0C, and shown to be de
void of 2,3-dihydro-l (by NMR). The yield of (±)-2, mp 
125-126 0C, was ~35% for five steps beginning with 9, and 
the 1H NMR spectrum was identical with that reported315 for 
(")-2. 

These accomplishments, with some steps yet to be refined, 
are cause for optimism in our continuing efforts to synthesize 
even more complex members of the fascinating pseudo-
guaianolide family and we shall report on these matters in due 
course. 
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X-ray Structural Analysis of 
H3[Rh4(bridge)8Cl][CoCl4]4-nH20. 
The Photoactive Species in the Production 
of Hydrogen from Aqueous Solutions 

Sir: 

The photochemical production of hydrogen gas from 
aqueous solutions has recently been an extremely active re
search area. Several hydrogen producing systems have been 
designed and investigated by different workers.1 The central 
point in these investigations has been the determination of the 
mechanism for hydrogen formation from photogenerated 
precursors. As an aid to illucidating the mechanism of photo
chemical hydrogen production in the Rh2(bridge)42+ (bridge 
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Figure 1. View of the structure of the [Rh4(bridge)8Cl]5+ cation. Thermal 
ellipsoids are drawn at the 50% level. Cl(9) from the next unit cell is in
cluded. 

= 1,3-diisocyanopropane) system,2 we have previously de
termined the structures of the precursor Rh2(bridge)4-
(BPIu)2-CH3CN3 and the photolysis product in HCl, [Rh2-
(bridge)4Cl2]Cl2'8H20.3 However, the structural character
ization of the photoactive complex present in concentrated 
HX(aq) (X = Cl, Br, HSO4) solutions has been somewhat 
indirect. Recently obtained chemical evidence4 suggested that 
the formulation of the redox level of the Rh atoms was +1V2, 
between the +1 determined for Rh2(bridge)4)2-CH3CN3 and 
+2 for [Rh2(bridge)4Cl2]Cl2-8H20.3 Flash photolysis studies5 

suggested that the photoactive complex was tetranuclear, 
consisting of two Rh2(bridge)43+ binuclear units. Infrared and 
elemental analyses are also consistent with this formulation.6-8 

Finally, evidence for halide binding9 and the presence of a a 
-* Cr* transition10 in the active complex led to its most recent 
formulation as [Rh2(bridge)4]2

6+ in H2SCv solutions and 
[Rh2(bridge)4X]2

4+ in aqueous HX solutions,5 the two binu
clear units being held together by a Rh-Rh bond. We have now 
completed an X-ray crystallographic analysis of the salt ob
tained on addition of CoCl2'6H20 to the photoactive solution 
of Rh2(bridge)4(BF4)2 in 12 M HCl. We believe that the 
photoactive species in 12 M HCl differs from the cation present 
([Rh4(bridge)8Cl]5+) in this salt only by the binding of an 
additional Cl - ion. 

The dark green crystals obtained from these solutions1' are 
monoclinic, space group P2/n with a = 16.005 (4) A, b = 
13.885 (3) A, c = 19.432 (9) A, /3 = 91.10 (5)°, Z = 2, n « 
20.6 cm -1, pcaicd = 1-626 g cm - 3 (for H3[Rh4(bridge)8Cl]-
[CoCU]4^H2O);1 ] 4129 independent reflections were collected 
in the scan range 0° < 2#MO K« < 48.2° on an Enraf-Nonius 
CAD-4 automatic diffractometer using graphite monochro-
matized radiation employing the 0-20 scanning technique. 
Calculations were performed on a PDP 11 /45 computer using 
the Enraf-Nonius SDF program library. The structural pa
rameters have been refined to convergence [R = 0.076 for 2372 
independent reflections for which F2 > 2.0<r(Fo

2)] in cycles 
of full-matrix least-squares refinement which employed an
isotropic thermal parameters for the Rh, Co, and Cl atoms; C, 
N, and O atoms were given isotropic thermal parameters. 

There are two symmetry-related tetranuclear complex ions 
of the form [Rh4(bridge)8Cl]5+ per unit cell with the linear 
[Rh4Cl] units precisely aligned along the b crystallographic 
axis. The remaining contents of a unit cell consist of eight 
CoCl4

2- anions and several apparently disordered [H+-HH2O] 
cations (vide infra). 

The tetranuclear rhodium complex (Figures 1 and 2) is 
made up of two binuclear Rh2(bridge)43+ units linked by a 
Rh-Rh bond. The Cl" ion bridges the Rh4(bridge)8

6+ units 

Figure 2. Stereoview of the structure of the [Rh4(bridge)gCl]5+ cation. 
Cl(9) from the next unit cell is included. 

to form a rigorously linear infinite chain of repeat unit (Rh4Cl). 
The two binuclear Rh2(bridge)43+ units have approximately 
eclipsed ligand systems [the dihedral angles are 0 (1)° for the 
Rh(l)-Rh(2) binuclear unit and 12 (1)° for the Rh(3)-Rh(4) 
binuclear unit] similar to those previously found in 
[Rh2(bridge)4Cl2]Cl2.8H20 and Rh2(bridge)4(BPh4)2-
CH3CN,3 but are nearly perfectly staggered with respect to 
each other [the dihedral angle is 46 (1)*]. The Rh-Rh bond 
distance between binuclear units [Rh(2)-Rh(3)] is 2.775 (4) 
A, while the two Rh-Rh distances [Rh(I )-Rh(2) and 
Rh(3)-Rh(4)] within the binuclear units are 2.932 (4) and 
2.923 (3) A, respectively. The Rh-Rh bond distances within 
the binuclear units are intermediate to those found in the bi
nuclear d8d8 compound Rh2(bridge)4(BPh4)2-CH3CN [no 
formal Rh-Rh bond present, Rh(I)-Rh(I) distance of 3.263 
(1) A] and in the binculear d7d7 compound [Rh2(bridge)4-
C12]C12-8H20 [a single Rh-Rh bond, Rh(II)-Rh(II) distance 
of 2.837 (1) A]. This is consistent with a binuclear unit 
Rh2(bridge)43+ (d8d7-) which contains (formally at least) a 
bond of order one half.13 The Rh-Rh distance of 2.775 (4) A 
between binuclear units is shorter than the Rh(II)-Rh(II) 
distance in the Rh2(bridge)4Cl2

2+ ion which has the eclipsed 
configuration and is comparable with the Rh(II)-Rh(II) 
distance found in [Rh2(P-CNC6H4CHa)4I2](PF6)2 [Rh(II)-
Rh(II) distance of 2.785 A]12 which has a ligand conformation 
rotated 26° away from perfectly eclipsed. As previously dis
cussed,3 the staggered conformation should be the sterically 
preferred one, since it reduces the strong repulsive forces 
produced by the close contact of the 7r bond electron clouds of 
the CN groups. 

The Cl- ion [Cl(9)] linearly bridges Rh(I) and Rh(4) of the 
next unit cell giving nearly identical distances of 2.613 (8) and 
2.643 (9) A, respectively. These Rh-Cl bonds are somewhat 
longer than those found in Rh2(bridge)4Cl2

2+ [Rh-Cl distance 
of 2.447 (1) A], consistent with the observation that Cl -

binding is stronger for Rh2(bridge)4
4+ than for Rh4(bridge)86+ 

in aqueous solution.14 

The eight bridging isocyanide groups complete the coordi
nation about the Rh atoms giving average Rh-C bond lengths 
of 1.96 (6) A, C-N bond lengths of 1.14 (2) A, and Rh-CN 
bond angles of 175 (4)°. These values are similar to ones de
termined for other bridged binuclear rhodium diisocyanide 
complexes.3 

The CoCU2- anions appear to be completely unexceptional, 
the average Co-Cl bond lengths of 2.26 (1) A and Cl-Co-Cl 
bond angles of 109 (4)°, close to those found in CS3C0CI515 of 
2.252(12) A and 108.6°. 

Deserving of comment is the unfortunate presence of ap
parent disorder in the [H+-ZiH2O] ions which carry the re
maining positive charges in the unit cell. It was initially hoped 
that the charge balance in the unit cell could be used to un
ambiguously confirm the chemical assignment of oxidation 
level in the tetranuclear Rh4(bridge)g

6+ ion. This confirmation 
of oxidation level cannot at this time be made from the crys
tallographic data alone, owing to insufficient and/or poor 
quality of the data needed to define a suitable model to treat 
the small peaks of electron density (< Ie/A3) which apparently 
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are due to the oxygen atoms of disordered [H+-AiFhO] ions. 
At least one of these ions (an HsCh+ ion) is not disordered 
yielding reasonable thermal parameters and an 0(I)-O(I) 
hydrogen bonded distance of 2.45 (5) A, similar to those found 
in other structures containing this ion.16 Hydrogen bonds are 
formed between this ion and Cl(ID) [3.20 (2) A] and C1(2A) 
[2.99 (2) A]. Partially occupied oxygen atoms [0(2) and 0(3)] 
were also placed from difference Fourier maps, their positional 
and thermal parameters refined with their occupancy factors 
fixed at 0.5. Reasonable temperature factors were obtained 
in this way, but full confidence cannot be placed on the values 
for the parameters of these atoms. In spite of the difficulties 
arising from the disordering problem of the [H+-MH2O] ions, 
the reasonable values obtained for the Rh-Rh bond distances 
and the overwhelming chemical evidence4'8 give us confidence 
that the formal oxidation level is indeed 1V2 for each of the four 
Rh atoms in the tetranuclear unit, giving an overall charge of 
+ 5 to the Rh4(bridge)8Cl5+ unit. This requires the formula 
to be H3[Rh4(bridge)8Cl](CoCLt)4-HH2O, where n is at least 
3 and more likely 6. 

Acknowledgment. Support of this research through a Dupont 
Young Faculty Grant and a University of Minnesota Faculty 
Summer Research Appointment are gratefully acknowledged. 
We also thank the NSF for partial support of our X-ray dif
fraction and structure solving equipment (NSF No. 
CHE7S-19560). We also thank Dr. Louis Pignolet, Dr. Doyle 
Britton, and Mr. Mike McGuiggan for several stimulating 
discussions. 

Supplementary Material Available: Final atomic coordinates and 
thermal parameters (2 pages). Ordering information is given on any 
current masthead page. 
References and Notes 

(1) For example: (a) DeLaive, P. J.; Sullivan, B. P.; Meyer, T. J.; Whitten, D. 
G. J. Am. Cham. Soc. 1979, 101, 4007-4008. (b) Brown, G. M.; Brun-
schwig, B. S.; Creutz, C; Endicott, J. F.; Sutin, N. Ibid. 1979, 101, 
1298-1300. (c) Lehn, J.-M.; Sauvage, J.-P. Nouv. J. Chim. 1977, 1, 
449-451. 

(2) (a) Mann, K. R.; Lewis, N. S.; Miskowski, V. M.; Erwin, D. K.; Hammond, 
G. S.; Gray, H. B. J. Am. Cham. Soc. 1977, 99, 5525-5526. (b) Gray, H. 
B.; Mann, K. R.; Lewis, N. S.; Thich, J. A.; Rlchman, R. M. Adv. Chem. Ser. 
1978, No. 168, 44-56. (c) Mann, K. R.; Gray, H. B. Ibid. 1979, No. 173, 
225-235. 

(3) The crystal structures of these complexes have been determined. 
Rh2(bridge)4(BPh4)2-CH3CN: Reference 1b. Mann, K. R.; Thlch, J. A.; Bell, 
R. A.; Coyle, C. L.; Gray, H. B., to be submitted for publication. 
[Rh2(bridge)4CI2]CI2-8H20: Reference 1c. Mann, K. R.; Bell, R. A.; Gray, 
H. B. Inorg. Chem. 1979, 18, 2671-2673. 

(4) In a typical experiment 0.012 mmol of Rhj(bridge)4
2+ produced 0.005 mmol 

of H2 upon reaction with 12 M HCI (5 mL) in the dark. Irradiation (X >520 
nm) of the resulting blue solution yielded an additional 0.006 mmol of H2. 
In 6 M HCI, 1 equiv of Cr2+ reduces Rh2(bridge)2CI2

2+ to the blue species 
Rh4(bridge)8CI]5+ + C l - , and 2 equiv of Ce4+ (+Cl") oxidizes 
Rh4(bridge)8CI]5+ back to 2Rh2(bridge)4CI2

2+: Mann, K. R.; Sigal, I. S.; 
Gray, H. B., submitted for publication. 

(5) Miskowski, V. M.; Sigal, I. S.; Mann, K. R.; Gray, H. B.; Milder, S. J.; Ham
mond, G. S.; Ryason, P. R. J. Am. Chem. Soc. 1979, 101, 4383-4385. 

(6) Dart, J. W.; Lloyd, M. K.; Mason, R.; McCleverty, J. A. J. Chem. Soc., Dalton 
Trans. 1973, 2039-2045. 

(7) Lewis, N. S.; Mann, K. R.; Gordon, J. G., II: Gray, H. B. J. Am. Chem. Soc. 
1976, 98, 7461-7463. 

(8) The infrared spectra of model rhodium isocyanide complexes in the P(CN) 
region are as follows: Rh(I) complexes, [Rh(CN-NBu)4]CI, 2164 c m - 1 (KBr 
pellet)6 and Rh2<bridge)4(BPh4)2-CH3CN, 2172 c m - 1 (KBr pellet);7 binuclear 
Rh(II) complexes, [Rh2(bridge)4Cl2]CI2, 2246 c m - 1 (NuJoI mull), and 
Rh2(bridge)4l2](l3)2, 2227 c m - 1 (KBr pellet);7 Rh(III) complexes, 
Rh(CN-Wr)4CI2](PF6), 2250 cm" 1 (KBr pellet),6 and [Rh(CNCH3)4CI2](PF8), 

2280 c m - 1 (KBr pellet).6 These data suggest a rough correlation of the 
formal oxidation state of the Rh atoms with the position of ?(CN). Consistent 
with this correlation, H3[Rh4(bridge)8CI][CoCI4]4-nH20, which formally 
contains Rh(IV2), shows a C(CN) at 2221 c m - 1 (Nujol mull) and a weak 
shoulder to the higher energy side of the band, placing it between the Rh(I) 
and Rh(II) model complexes. A dark blue CIO4

- salt obtained by addition 
of NaCIO4 to blue aqueous HBr solutions of Rh2<bridge)4(BF4)2 analyzes 
for Rh;>(bridge)4(CI04)3. Calcd: C, 20.34; H, 2.22; N, 9.49; Cl, 18.01. Found: 
C, 20.41; H, 2.57; N, 9.47; Cl, 17.97. This salt also shows aP(CN) region 
(2228 cm - 1 , weak shoulder to higher energy, Nujol mull) virtually identical 
with that found for H3[Rh4(bridge)8CI] [CoCI4]4-nH20. 

(9) The C l - binding constant determined in aqueous 0.1 M HSO3CH3 by making 
plots of the equation log |[Rh4(bridge)aCI„]<6-">+/[Rh4 (bridge)8

6+]| = log 
K+ n log [Cl - ] gives n = 1.0 ± 0.1, and log K= 2.8 ± 0.2 at 25 ± 1 0C, 
maximum [Cl -J = 0.01 M. Binding of an additional C l - at the high [Cl - ] 
present in 12 M HCI solutions is also likely to occur. 

(10) The strong visible absorption band (Xm^x «558 nm) exhibited by 
Rh4(bridge)sCI5+ in 12 M HCI solution, upon cooling, shows the charac
teristic hypsochromic shift and increase in 6m,,, associated with the a -» 
a' transitions found in compounds which contain single metal-metal bonds. 
See Levenson, R. A.; Gray, H. B. J. Am. Chem. Soc. 1975, 97, 6042-6047. 
The extremely low position energetically for this transition must at least 
in part be due to derealization of the transition over all tour Rh atoms. 

(11) Crystals of this complex were obtained with extreme difficulty. Evaporation 
of the 12 M HCI solution was carried out in a desiccator in which were 
placed a beaker of P2O6 (to remove H2O) and a beaker of NaOH pellets (to 
remove HCI). The solutions are slowly air and light sensitive. The green 
crystals obtained become opaque seconds after removal from the mother 
liquor. Most of the crystals in a batch grow as flat crosses. The crystal used 
in this study was mounted in a capillary in a minimally lighted room by 
transferring a crystal in constant contact with the mother liquor to the wide 
end of the capillary which was also opened at the opposite end. The crystal 
was then forced into the capillary until it wedged by causing mother liquid 
to flow through the capillary. Both ends of the capillary were then sealed 
with epoxy. Once mounted in this way, the crystal was stable, mechanically 
and chemically, as evidenced by the lack of observable movement or de
composition during the data collection. Density measurements (flotation 
in CCI4-1,1,2,2-tetrabromoethane) depend on how long the crystals have 
been removed from the mother liquor. For crystals removed for longer than 
1 week Pobsd = 1.79 (1) g cm - 3 ; for crystals taken directly from the mother 
liquor, Pobsd = 1-7 (1) g cm - 3 ; during this measurement (~10 min) the 
crystals had also become opaque, probably with solvent loss. /Scaled for 
Z=Z, H3[Rh4(bridge)8CI](CoCI4)4-6H20, =1.626 g cm - 3 . 

(12) Olmstead, M. M.; Balch A. L. J. Organomet. Chem. 1978, 148, No. 178, 
C15-C18. 

(13) Although this analysis suggests that the oxidation states of the Rh atoms 
can best be represented by Rh(I)Rh(II)Rh(II)Rh(I), It is recognized that a 
molecular orbital description of the bonding along the RhRh axis would be 
more appropriate, the resonance structure suggested here being the 
dominant one. 

(14) Mann, K. R., unpublished result. 
(15) Figgis, B. N.; Gerloch, M.; Mason, R. Acta Crystallogr. 1964, 17, 506-

508. 
(16) Schuster, P.; Zundel, G.; Sandorfy, C. "The Hydrogen Bond"; North-Holland 

Publishing Co.: Amsterdam, 1972; Vol. II, Chapter 10, pp 473-526. 

Kent R. Mann,* Michael J. DiPierro, Thomas P. Gill 
Department of Chemistry, University of Minnesota 

Minneapolis, Minnesota 55455 
Received July 9, 1979 

Selective Enhancement of Bimolecular Reaction Rates 
by Over Three Orders of Magnitude Using 
Low Intensity CW Infrared Laser Radiation 

Sir: 

Chemists are understandably intrigued by the possibility 
of selective unimolecular dissociation processes using pulsed 
high power infrared lasers.1 The fervor in this field somewhat 
overshadows the equally interesting possibility of utilizing 
infrared lasers to selectively modify bimolecular reaction 
rates.2 We report here the use of a relatively low power (34 
W/cm2) CW infrared laser to increase selectively the rate 
constant of a single bimolecular reaction by three orders of 
magnitude in a complex system, thus achieving a situation 
which is distinctly nonthermal. The reacting species are gas-
phase ions which are generated, stored for periods up to 1 s, and 
detected using the techniques of ion cyclotron resonance (ICR) 
spectroscopy. Full details of ICR spectroscopy,3'4 including 
modifications for infrared photochemistry,5 are published 
elsewhere. 

The equilibrium 

(CH3OH)H+(OH2) + CH3OH 

^ ( C H 3 O H ) 2 H + +H 2 O (1) 
k, 

is characterized by forward rate constant k{ = 5.0 X 1O-10 cm3 

mol-1 s_ l and reverse rate constant kT = 8.2 X 1O-15 cm3 

mol-1 s_ l . fcf is measured using ICR techniques, whereas kr 
is calculated from /cr and the equilibrium constant K. The value 
AG = -6.5 ± 1.0 kcal/mol6'7 for reaction 1 gives K = 6.1 X 
104 in favor of proton-bound methanol dimer, (CH3OH)2H+, 
at room temperature. 
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