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side arms (stacking with p-nitrophenyl moiety). The stability 
constant K, = 1609 M"1 (±12%) was determined by NMR ti
tration of 3 in CDCl3 with triethylammonium p-nitrobenzoate.11,12 

Similarly, sodium p-methoxybenzoate and sodium phenylacetate 
were extracted by 3, and NH guanidinium protons shifted 
downfield, whereas aromatic naphthoyl protons shifted upfield. 
However, the overall effect was somewhat lower than in the 
p-nitrobenzoate case. For example, the naphthoyl H1 proton 
shifted only 0.27 and 0.26 ppm in thep-methoxybenzoate and the 
phenylacetate complexes, respectively. 

The chirality of 3 should force any substrate to bind in a 
dissymetric environment, allowing the enantioselective recognition 
of chiral carboxylic acids. Extraction experiments of sodium 
(5)-mandelate and (5)-naproxenate [(+)-6-methoxy-a-methyl-
2-naphthaleneacetate] with both enantiomers 3-55 and 3-RR 
afforded the corresponding diastereomeric salts. Chemical shifts 
for these complexes were quite similar as those for the achiral 
guests mentioned above, but small differences in both diastereo
meric salts of each guest were observed. For instance, the na
phthoyl H1 protons of the 3-55 host showed upfield shifts of 0.26 
(mandelate) and 0.27 ppm (naproxenate), but the shifts were 0.30 
and 0.32 ppm, respectively, when the 3-RR host was employed. 
It was also noteworthy that in the naproxen complexes, the proton 
at the chiral carbon center of guest shifted upfield quite differently 
in both species: 0.11 ppm for the 3-55 host but only 0.05 for the 
3-RR one.13 

Free amino acids in zwitterionic form (i.e., valine, phenylalanine, 
tryptophan) were not extracted from aqueous solutions by 3, hence 
TV-acetyl and TV-rerr-butoxycarbonyl derivatives of sodium tryp
tophan were examined, since they contained two recognition 
functions (the carboxylate and the well-known ir-donor indole ring) 
and a bulk substituent to interact sterically with the host aromatic 
side arm not involved in the stacking. Indeed, extraction of an 
excess of the racemic salts with 3-55 afforded two diastereomeric 
salts in each case, with diastereomeric excesses (de) of ca. 17% 
for the L-tryptophan derivative.14 For the TV-acetyl derivative, 
a 1.07 ppm downfield shift was observed for the guanidinium NH 
protons, whereas naphthoyl protons shifted upfield (0.22 ppm for 
H1). Both diastereomeric complexes became evident from the 
well-differentiated downfield shifted signals of the guest: NH 
(0.16 and 0.19 ppm) and methyl (0.21 and 0.32 ppm). NMR 
titration of the triethylammonium salts of TV-acetyltryptophan in 
CDCl3 gave Ks = 1051 (±19.3%) and 534 (±15.6%) M'1 for the 
L- and D-enantiomers, respectively. A similar de was obtained 
when the sodium salt of D-/V-acetyltryptophan was extracted with 
the enantiomeric receptor, 3-RR. This represents, to our 
knowledge, the first example of enantioselective recognition of 
anionic species by an abiotic receptor. Studies toward the design 
of more selective receptors, based on three-point binding hosts 
(derived from 2), are underway. 
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(11) To minimize standard deviations, three independent titrations at 
different constant host concentrations (ranging from 6 X 10"3 M to 4 X 10"2 

M) were carried out at 20 ± 1 0C. Typical saturation curves for 1:1 complexes 
were observed by measuring shifts on the naphthoyl H1 signal. Curve fitting 
was performed with a modified version of program SALS (Statistical Analysis 
with Least Squares Fitting) programmed by T. Nakagawa and H. Togawa 
at the University of Tokyo, Japan. 

(12) Due to the presence of chloride and triethylammonium ions in the 
solution, changes in the NMR spectra of this 1:1 mixture were lower than 
those observed in the extraction experiment. Chemical shifts were also found 
to be strongly dependent on the nature of the counterions. For example, a 
very large downfield shift (3.24 ppm) was observed for the guanidyl protons 
in the 1:1 mixture of the Ph4B" salt of 3 and Bu4N

+ p-nitrobenzoate. 
Therefore, stability constants for these ion pairs could be influenced by the 
nature of the counterions or by the presence of other salts in the solution. 

(13) An early study on naproxenate complexation by an optically active 
macrocyclic host has been reported: Dharanipragada, R.: Ferguson, S. B.; 
Diederich, F. J. Am. Chem. Soc. 1988, 110, 1679. 

(14) Diastereomeric excess was determined by NMR integration from the 
areas of the acetyl or the tert-buty\ signals. A 1:4 CD3OD-CDCl3 solution 
was employed to achieve a better separation of the signals. 

ersity of Tokyo, Japan, for the calculation of stability constants 
from NMR titration data. 
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The similarity of carbon monosulfide (CS) to CO has stimulated 
much interest in the synthesis and reactivity of CS complexes.1 

There are four types of CO bridging ligand:2 carbon bridging 
(A), semibridging (B), in which a filled orbital on M' donates into 

A g C D 

the empty T* orbital of the CO ligand, side-on bonding (C), 
involving donation from the filled T-orbital of the CO ligand into 
an empty orbital on M', and end-on (D). Unlike CO, CS has not 
been found or suggested to be a side-on bridging ligand (type C) 
in any metal complexes. The C-S group is known as a carbon-
bridging ligand (e.g., Cp2Fe2(CO)2(/n-CO)(it-CS),3 MnPtGu-
CS)(CO)2(PMePh2)2Cp),4 as an end-to-end bridging ligand (e.g., 
(dppe)2(CO)W—C=SS-W(CO)5,5 (^-C6H5Me)(CO)2Cr-G= 
S—Cr(CO)5),6 and as a semibridging ligand (e.g., [HB(pz)3]-
(CO)W(/i-CO)(M-CS)Au(PR3), R = Me, Ph).7 In all of these 
types of complexes, the CS ligand has a greater preference for 
the bridging position than CO. In this communication, we describe 
the synthesis and structure of [HB(pz)3](CO)2W(/x-CS)Mo-
(CO)2(In) (1; In = 77'-C9H7-, indenyl; HB(Pz)3", hydrotris(l-
pyrazolyl)borate), the first example of a complex containing a 
side-on bridging CS ligand. In this type of bridging situation, 
the CS ligand also forms a more stable complex than CO. 

Addition of 1 equiv of [(In)Mo(CO)2(MeCN)2]BF4
8 to a THF 

solution of Bu4N{[HB(pz)3](CO)2W(CS)}9 (0.553 mmol) at 25 
0C produces a brown solution of 1 in 30 min. After the solvent 
is removed in vacuo, the resulting brown residue is recrystallized 
several times from THF/Et 20. A final recrystallization from 

fIowa State Molecular Structure Lab. 
(1) For a recent review, see: Broadhurst, P. V. Polyhedron 1985, 4, 1801. 
(2) For recent reviews, see: (a) Horwitz, C; Shriver, D. F. Adv. Orga-

nomet. Chem. 1984, 23, 219. (b) Crabtree, R. H.; Lavin, M. Inorg. Chem. 
1986, 25, 805. (c) Sargent, A. L.; Hall, M. B. J. Am. Chem. Soc. 1989, 111, 
1563. 

(3) (a) Quick, M. H.; Angelici, R. J. J. Organomel. Chem. 1978, 160, 231. 
(b) Wagner, R. E.; Jacobson, R. A.; Angelici, R. J.; Quick, M. H. J. Orga
nomel. Chem. 1978, 148, C35. 

(4) Jeffery, J. C; Razay, H.; Stone, F. G. A. J. Chem. Soc, Dalton Trans. 
1982, 1733. 

(5) Dombek, B. D.; Angelici, R. J. J. Am. Chem. Soc. 1974, 96, 7568. 
(6) Lotz, S.; Pille, R. R.; Van Rooyen, P. H. Inorg. Chem. 1986, 25, 3053. 
(7) Kim, H. P.; Kim, S.; Jacobson, R. A.; Angelici, R. J. J. Am. Chem. 

Soc. 1986, 108, 5154. 
(8) Allen, S. R.; Beevor, R. G.; Green, M.; Orpen, A. G.; Paddick, K. E.; 

Williams, I. D. J. Chem. Soc, Dalton Trans. 1987, 591. 
(9) Greaves, W. W1; Angelici, R. J. J. Organomel. Chem. 1980, 191, 49. 
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Figure 1. ORTEP plot of [HB(pz)3](CO)2W(Ai-CS)Mo(CO)2(In), 1. 
Selected bond distances (A) and angles (deg) are as follows: W-Mo = 
3.3102 (4), W-C(I) = 1.895 (5), C(I)-S(I) = 1.640 (6), W-N(I) = 
2.194 (4), W-N(3) = 2.205 (4), W-N(S) = 2.229 (4), W-C(2) = 2.001 
(5), W-C(3) = 1.969 (5), Mo-C(I) = 2.229 (4), Mo-S(I) = 2.511 (2), 
Mo-C(4) = 1.956 (6), Mo-C(5) = 1.917 (7), W-C(I)-S(I) = 170.8 (3), 
C(I)-W-Mo = 40.2 (1), Mo-W-N(5) = 165.4 (1). 

CH2Cl2/hexanes at -20 0C gives 1 as a brown crystalline solid 
in 64% yield. The compound is characterized by elemental 
analysis, IR, 1H and 13C(Hj NMR, and mass spectra.10 

TWF S ^ 
L(CO)2W(CS) + (In)Mo(CO)2(MeCN)2* — » L(CO)2W=- Mo(CO)2(In) 

30min 
1 

L=[HB(PZ)3]; ln = Ti5-C9H7 

An X-ray structure determination13 of a red-brown single crystal 
of 1 reveals a side-on bonded bridging CS ligand which is car
bon-bonded to tungsten and ir-donating to molybdenum as shown 
in Figure 1. The Mo-C(I) bond distance (2.229 (4) A) is within 
experimental error of the Mo-C distance (2.237 (7) A) in the 
side-on bonded isonitrile complex [Mo2(/*-j)2-(CN-f-Bu))-
(CO)4Cp2].14 Moreover, it is ~0.1 A shorter than the Mo-C 
distances to the side-on bridging CO's in [MoW2(^i-C-
(C6H4Me^)2(Ai-CO)2(CO)4Cp2] (2.355 (12) and 2.348 (14) A).15 

The Mo-S(I) distance (2.511 (2) A) is clearly bonding and 

(10) [HB(Pz)3](CO)2W(M-CS)Mo(CO)2(In), 1: IR (THF) KCO) 1984 
m, 1938 vs, 1893 m, 1862 m cm"1; KCS) is not observed; 1H NMR (CD2Cl2) 
(5 7.72 (d , / = 2.2, H3 andH5ofpz); 7.19, 7.06 and 6.77 (m, H4-7 of In); 
6.47,5.91 (m, Hl and H3 of In); 6.28 (s, H4 of pz); 5.56 (t, J = 2.8, H2 of 
In). The assignments for In and HB(pz)3 are based on those for (In)Rh-
(C2H4)J

11 and [HB(pz)3](CO)2W^CMe,'2 respectively. 13C{H) NMR (C-
D2Cl2) a 285.8 (CS); 243.2, 242.8, 223.7, 221.5 (CO); 145.8 (C3 of pz); 136.4 
(C5ofpz); 106.5 (C4 of pz); 127.2, 126.6, 124.6, 124.4, 119.1, 117.8,93.9, 
82.8, 78.5 (In); EIMS (70 eV) mje 764 (M+), 708 (M+ - 2CO), 680 (M+ 

-3CO). Anal. Calcd for C23H17BMoN6O4SW: C, 36.15; H, 2.24; N, 11.00. 
Found: C, 36.10; H, 2.33; N, 10.90. 

(11) Caddy, P.; Green, M.; O'Brien, E.; Smart, L. E.; Woodward, P. J. 
Chem. Soc, Dalton Trans. 1980, 962. 

(12) Green, M.; Howard, J. A. K.; James, A. P.; Nunn, C. M.; Stone, F. 
G. A. J. Chem. Soc, Dalton Trans. 1986, 187. 

(13) Crystallographic data for 1: mol wt 764.09; triclinic, space group Pl; 
a= 11.062 (2) A, b = 13.904 (2) A, c = 8.889 (2) A, a = 97.43 (2)°, 0 = 
108.58 (2), 7 = 78.03 (1)°, V= 1264.8 (8) A3, pM = 2.006 g/cm3 for Z 
= 2 at 22 ± 1 0C, M = 52.47 cm-1 (Mo Ka). Diffraction data were collected 
at 22 ± 1 0C with an Enraf-Nonius CAD4 automated diffractometer. A total 
of 6088 reflections were collected. Of the 5788 unique data, 5197 were 
considered observed, having Fobs

2 > 3<r(Fobs
2). The positions of the metal 

atoms and most of the coordination sphere atoms were given by an automated 
Patterson interpretation method (Sheldrick, G. M. SHELXS; Institut fiir 
Anorganische Chemie der Universitat, Gottingen, F.R.G.). The remainder 
of the non-hydrogen atoms were located in difference Fourier maps following 
least-squares refinement of the known atoms. R = 0.0358 and Rw = 0.0495. 

(14) Adams, H.; Bailey, N. A.; Bannister, C; Faers, M. A.; Fedorko, P.; 
Osborn, V. A.; Winter, M. J. J. Chem. Soc, Dalton Trans. 1987, 341. 

(15) Carriedo, G. A.; Hodgson, D.; Howard, J. A. K.; Marsden, K.; Stone, 
F. G. A.; Went, M. J.; Woodward, P. J. Chem. Soc, Chem. Commun. 1982, 
1006. 

Communications to the Editor 

Mo Au 3.3102(4) 

Figure 2. Comparison of bond distances (A) and angles (deg) in the 
side-on bonded CS in 1 with the semibridging CS in [HB(pz)3] (CO)W-
(Ji-CO)(Ai-CS)Au(PPh3). Selected bond angles are as follows: C-W-Mo 
= 40.2 (1), C-W-Au = 49.9 (2), W-C-S = 170.8 (3), W-C-S' = 
165.9 (5). 

compares well with other Mo-S bond distances in such diverse 
compounds as Mo(CO)3(phen)(r,2-S02) (2.532 (3) A),16 Et4N-
[W2(CO)10(Ai-SC6Cl5)] (2.568 (4) A),17 and [Na(18-crown-
6)] [W(CO)5(SH)] (2.567 (5) A).18 The W-C(I) distance (1.895 
(5) A) is similar to the W-CS bond distances in the semibridging 
CS complex [HB(Pz)3](CO)2W(Ai-CS)Au(PPh3) (1.911 (7) A)7 

and the terminal CS complex trans-[W(CO)4(CS)(CNCy)] 
(1.944 (19) A).19 The C(I)-S(I) distance (1.640 (6) A) is ~0.1 
A longer than the C-S distances in the terminal thiocarbonyl 
complexes [(^-C5H4Me)Mn(CS)(NO)I] (1.513 (6) A),20 

trans-[RhCl(CS)(PPh3)2] (1.54 (1) A),21 and trans-[W(CO)4-
(CS)(CNCy)] (1.56 (2) A).19 This bond lengthening may be 
attributed to the donation of electron density from a CS 7r-bonding 
orbital to an empty orbital on molybdenum. The W-Mo bond 
distance (3.3102 (4) A) is ~0.1 A longer than the M-M bond 
distances in [CpM(CO)3]2 (M = Mo, W; 3.235 (1) and 3.222 
(1) A, respectively)22 and [Mo2(Ai-J)2-(CN-r-Bu))(CO)4Cp2] 
(3.2152 (10) A).14 A similar lengthening of the W-Au bond was 
observed in the semibridging CS complex [HB(pz)3](CO)W(Ai-
CO)(Ai-CS)Au(PPh3) (2.824 (4) A)7 as compared with that in 
the semibridging CO complex Cp(CO)W(Ai-CO)2Au(PPh3) (2.698 
(3) A) . 1 5 

To compare the bond distances and angles of the side-on bonded 
CS ligand in 1 with those of the semibridging CS complex 
[HB(pz)3](CO)W(Ai-CO)(Ai-CS)Au(PPh3),

7 these data are sum
marized in Figure 2. In both complexes, the bridging CS carbon 
is bonded to both metals, although more strongly to the W atom. 
On the other hand, the S in the semibridging CS does not bond 
to either metal, but the side-on CS sulfur is within normal bonding 
distance of the Mo. It is the bonding of the S atom which clearly 
distinguishes these two types of bridging CS ligands. 

The side-on carbonyl analogue of 1, [HB(pz)3] (CO) 2W(AI-
CO)Mo(CO)2(In), was observed by IR spectroscopy (v(CO) 1957 
m, 1884 s, 1827 s, 1815 sh, 1630 vw (br) cm"1) when a CH2Cl2 

solution of Et4N{[HB(pz)3]W(CO)3J
23 was treated with [(In)-

(16) Kubas, G. J.; Ryan, R. R.; McCarty, V. Inorg. Chem. 1980,19, 3003. 
(17) Cooper, M. K.; Duckworth, P. A.; Saporta, M.; McPartlin, M. J. 

Chem. Soc, Dalton Trans. 1980, 570. 
(18) Cooper, M. K.; Duckworth, P. A.; Henrick, K.; McPartlin, M. J. 

Chem. Soc, Dalton Trans. 1981, 2357. 
(19) Woodard, S. S.; Jacobson, R. A.; Angelici, R. J. J. Organomel. Chem. 

1976, 117, C75. 
(20) Potenza, J. A.; Johnson, R.; Rudich, S.; Efraty, A. Acta Crystallogr. 

B 1980, 36B, 1933. 
(21) DeBoer, J. L.; Rogers, D.; Skapski, A. C; Troughton, P. G. H. J. 

Chem. Soc, Chem. Commun. 1966, 756. 
(22) Adams, R. D.; Collins, D. M.; Cotton, F. A. Inorg. Chem. 1974,13, 

1086. 
(23) Trofimenko, S. J. Am. Chem. Soc. 1969, 91, 588. 
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Mo(CO)2(MeCN)2]BF4.
8 Attempts to grow single crystals of the 

complex were unsuccessful because it decomposed in solution in 
~ 8 h. This result suggests that CO is a less stable side-on bridging 
ligand than CS. Also the fact that complex 1 contains a side-on 
bonded CS rather than CO indicates that CS has a greater 
preference for a side-on bridging site than CO. Thus, in all four 
types of bridging situations (A, B, C, and D), the CS is favored 
over CO as the bridging ligand. 
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Scheme I 

"(a) n-BuLi/I(CH2)mOTBDMS/THF, -78 0C, 44%; (b) HgCl2-
HgO/95% MeOH reflux, 78%; (c) TBDMSCl/Et3N/CH2Cl2, quanti
tative; (d) (EtO)2POCH2CN/NaH/THF, 92%; (e) Dibal/Et20, -78 
0 C, 64%, flash chromatography; (f) (EtO)2POCH2C(CH3)== 
CHCN/NaH/THF, 73%; (g) Dibal/Et20, -78 0C, 30%, HPLC (Li-
Chrosorb, 30% EtOAc in hexane); (h) /!-Bu4NF/THF, 97%; (i) 
TBDMS-0-(CH2)„COOH/DCC/DMAP/CH2Cl2, quantitative; (j) 
n-Bu4NF/THF when n = 9; (k) C5H5N + n-Bu4NF/THF, when n = 3 
or 5 or 7, HPLC as in h; (1) S03-C5H5N/C5H5N, aqueous KCl, com
bined yields for steps i, j , k and / are ca. 35%. 

Chart I. Absorption Maxima of Pigment Analogues Formed from 
Retinal Analogues Containing Indicated Chains at C-9° 
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Bacteriorhodopsin (bR),1 the purple membrane contained in 
Halobacterium halobium, consists of 248 amino acids comprising 
seven a-helices and functions as a light-driven proton pump.2 Its 
all-trans-ret\m\ chromophore is linked through a protonated Schiff 
base to the e-amino group of Lys-216.3 Despite the importance 
of the bR tertiary structure and location of the chromophore within 
the binding site in clarifying its mode of action, these are still 
unsettled problems although several three-dimensional models have 
been proposed on the basis of the amino acid sequence,4 diffraction 
data,5 susceptibilities of certain regions to proteolysis,6 spec
troscopy,7 fluorescence energy transfer,8 neutron diffraction,9 

(1) (a) Oesterhelt, D.; Stoeckenius, W. Nature (London) New Biol. 1971, 
233, 149-152. (b) Oesterhelt, D.; Stoeckenius, W. Proc. Natl. Acad. Sci. 
U.S.A. 1973, 70, 2853-2857. 

(2) (a) Stoeckenius, W. Ace. Chem. Res. 1980, 13, 337-344. (b) 
Stoeckenius, W.; Bogomolni, R. A. Annu. Rev. Biochem. 1982, 52, 587-616. 
(c) Packer, L. Methods Enzymol. 1982, 88. (d) Shichi, H. Biochemistry of 
Vision; Academic Press: New York, 1983; Chapter 11. 

(3) Findlay, J. B. C; Pappin, D. J. C. Biochem. J. 1986, 238, 625-642. 
(4) Engelman, D. M.; Henderson, R.; McLachlan, A. D.; Wallace, B. A. 

Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 2023-2027. 
(5) (a) Henderson, R.; Unwin, P. N. T. Nature (London) 1975, 257, 

28-32. (b) Engelman, D. M.; Zaccai, G. Proc. Natl. Acad. Sci. U.S.A. 1980, 
77, 5894-5898. 

(6) (a) Gerber, G. E.; Gray, C. P.; Wildenauer, D.; Khorana, H. G. Proc. 
Natl. Acad. Sci. U.S.A. 1977, 74, 5426-5430. (b) Ovchinnikov, Y. A.; 
Abdulaev, N. G.; Feigina, M. Y.; Kiselev, A. V.; Lobanov, N. A. FEBS Lett. 
1977, 84, 1-4. 

(7) (a) Ebrey, T. G.; Becher, B.; Mao, B.; Kilbridge, P.; Honig, B. J. MoI. 
Biol. 1977, 130, 395-404. (b) Heyn, M. P.; Cherry, R. J.; Muller, U. J. MoI. 
Biol. 1977,117, 607-620. (c) Bogomolni, R. A.; Baker, R. A.; Rozier, R. H.; 
Stoeckenius, W. Biochemistry 1980, 19, 2152-2159. 

(8) (a) Kouyama, T.; Kinosita, K., Jr.; Ikegami, A. J. MoI. Biol. 1983,165, 
91-107. (b) Rehorek, M.; Dencher, N. A.; Heyn, M. P. Biophys. J. 1983, 
43, 39-45. 
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" Approximate C-9 side-chain distances are shown in italics. Pig
ments were reconstituted from bleached bR-opsin and retinal ana
logues in 10 mM HEPES buffer, pH 7.0, 25 0C, dark. 

photoaffinity labeling,10 and point-mutation techniques.11 

In the following we show that 9-substituted retinal analogues 
with terminal sulfate groups behave as probes reflecting the 
distance between the chromophore and the membrane surface. 
Namely, retinal sulfates with sufficiently long spacers bind to give 
functional pigments, while those with short chains do not bind, 
presumably because the electrostatic affinity between the sulfate 
anions and positive charges on the membrane surface prevent the 
retinal to reach the binding site. Hydroxyalkyl ketone 2, prepared 
from dithiane I12 was converted into 9-hydroxyalkylretinal 4 
through Emmons reaction, dibal reduction, deprotection, and 
chromatographic separation of isomers. Retinal 4 was converted 
into 6 by esterification, deprotection, and sulfonation13 (Scheme 
I14). 

Incubation in HEPES buffer, pH 7.0, in the dark, of bleached 
bR-opsin15 with retinals 7-12 having terminal hydroxyl groups, 
resulted in smooth formation of pigments (Chart I). Retinal 
sulfates 13 and 14 also immediately formed pigments,16 while 

(9) (a) Seiff, F.; Westerhausen, I.; Wallat, I.; Heyn, M. P. Proc. Natl. 
Acad. Sci. U.S.A. 1986, 83, 746-7750. (b) Heyn, M. P.; Westerhausen, J.; 
Wallat, I.; Seiff, F. Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 3227-3231. (c) 
Jubb, J. S.; Worcester, D. L.; Crespi, H. L.; Zaccai, G. EMBOJ. 1984, 3, 
1455-1461. (d) King, G. I.; Mowery, P. C; Stoeckenius, W.; Crespi, H. L.; 
Schoenborn, B. P. Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 4726-4730. 

(10) (a) Huang, K.-S.; Radhakrishman, R.; Bayley, H.; Khorana, H. G. 
J. Biol. Chem. 1982, 257, 13616-13623. (b) Ding, W. D. Ph.D. Thesis, 
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