Summary

X-ray crystallography is generally acknowledged as the most powerful and direct method for structure determination in everything from small molecules to proteins to large multiprotein arrays, superceding even NMR. Unfortunately the ability to grow crystals of the appropriate size and stability has been a stumbling block to its even more widespread applicability. In the last several years however, technological advancements associated with the introduction of CCD (charged coupled device) based X-ray detectors have fundamentally changed the state of the art.  This new generation of X-ray diffractometer allows for the simultaneous collection of hundreds of reflections rather than the one at a time approach used on the, now venerable, scintillation instruments. This new technology results in an order of magnitude decrease in the time it takes to collect a data set i.e. from days/weeks to a few hours. Perhaps more importantly it also allows an order of magnitude smaller crystal to be examined. We therefore propose to obtain an X-ray diffractometer with CCD capability (which will make SDSU one of the few institutions with direct student access to equipment of this sophistication). The PI has amply demonstrated his ability to effectively utilize the new instrument having solved almost 600 structures on the serial diffractometer at his previous institution.  Moreover both he and the co PI’s have demonstrated their research productivity in the form of publications and individual research grants from NSF, PRF, Dreyfus, etc. totaling over $600,000 during the last four years.  

In addition to supporting the research work in both organic and inorganic chemistry at San Diego State University, data collection and analysis will be provided at no cost to users from other primarily undergraduate institutions. The PI has a long history of, and remains strongly committed to, the training and use of the diffractometer by undergraduate research students. He will set up and host weekend and other workshops for students, faculty and staff at SDSU and other area PUI (primarily undergraduate institutions) in structure collection and solution. Given the large undergraduate population at San Diego State University and its high percentage of minority students (SDSU is the 10th largest producer of minority baccalaureate degrees in the USA) such activities will substantially increase the impact of an award. 

Acquisition of an X-ray Diffractometer with CCD Capability

I. Introduction

X-ray crystallography is generally acknowledged as the most powerful and direct method for structure determination of everything from small molecules to proteins to large multiprotein arrays, superceding even NMR. Unfortunately the ability to grow crystals of the appropriate size and stability has been a stumbling block to its even more widespread applicability. In the last several years however, technological advancements associated with the introduction of CCD (charged coupled device) based X-ray detectors have fundamentally changed the state of the art. This new generation of X-ray diffractometer allows for the simultaneous collection of hundreds of reflections rather than the one at a time approach used on the (now venerable) scintillation instruments. This new technology results in an order of magnitude decrease in the time it takes to collect a data set i.e. from days/weeks to a few hours. This actually makes data collection a process that can be completed during a “classical” laboratory time slot.  Even more importantly for research at a primarily undergraduate institution (PUI) like San Diego State University (SDSU), it allows an order of magnitude smaller crystal to be used (“if you can see it you can do it”) which makes almost all small molecules now accessible for study.  Since at SDSU, and its sister PUI, Southwest Texas State from whence the PI recently transferred, we rely heavily on undergraduate researchers, it has become obvious to us that far too much of their precious research time is being utilized in just trying to grow crystals large enough to collect.  It proved extremely frustrating for both the students and faculty when new compounds were prepared, were obviously crystalline, but the crystals were too small to be used (on the serial diffractometer which was available to the PI at SWT). On average I estimate that fully a third to one half of what could have been done has been abandoned for lack of suitable crystals.  The situation at SDSU is even grimmer as there is no diffractometer available at all despite the large size (over 34,000 students) of the institution.  The experiences of the PI’s new colleagues in California mirror his experience in Texas: attempts to use nearby facilities (such as those at UC San Diego) are largely unworkable. Not unexpectedly as “low man on the totem pole”, it takes on average more than a month to get a crystal collected and the cost of around $400/structure makes it financially impossible both for the smaller groups and those that are heavy users. It is clear that we cannot remain competitive under these conditions. 

We therefore propose to purchase an X-ray diffractometer with CCD capability. Fortunately due to improving CCD technology, there are now available from several manufacturers, instruments that can be obtained for significantly lower cost relative to what was needed several years ago. Please note that the PI is committing $50,000 of his “startup” funds as matching money toward the purchase of the diffractometer thereby reducing the amount of the request from NSF. Although not required, as NSF designates SDSU as a non-doctoral institution, this matching money illustrates both the commitment and importance that the university, the department, and the PI’s attach to this proposal. We have here the opportunity, at very modest cost, to propel a proven, successful program into the next generation and it will be clear that the PI has made extremely productive use of past NSF funds of this type. 

II. Results of Prior NSF Support  

C.J. Carrano, the PI, has just recently moved from Southwest Texas State University (SWT) to San Diego State University. In 2002, while still at SWT he submitted a MRI grant designed to upgrade the SWT diffractometer described below. This proposal (similar in scope to the present one) received outstanding reviews and was funded. However due to a legal technicality it was subsequently determined that the grant could not be transferred to SDSU with the PI and thus it had to be terminated prior to the expenditure of any funds. Carrano was also PI on two previous NSF instrumentation awards at SWT. A 1991 NSF-ILI award (9151286) was responsible for the purchase of a Siemens single crystal P4 X-ray diffractometer. With its acquisition, SWT became one of the few primarily undergraduate institutions with direct student access to equipment of this sophistication. In addition to bringing about the curricular reform that formed the basis of the NSF-ILI grant, the instrument has seen extensive use in research. Indeed we believe the results of this grant have been nothing short of remarkable and far beyond what many thought would be possible at an undergraduate institution: (1) Carrano and his students have collected and solved the structures of nearly 600 compounds since 1993 (the instrument was originally installed in 1992 but was out of service for a year while a faulty goiniometer was rebuilt). This works out to about 1 compound per week!  (2) Research productivity has increased dramatically. For examples Carrano’s productivity has gone from an average of 1-2 publications per year to 6-7 per year. In fact of the 65 manuscripts (published, in press or submitted) prepared by the Carrano group since 1993, 59 or almost 90% include one or more structures collected on the SWT diffractometer. Another 20 or so papers by coworkers at SWT and elsewhere have been made possible by data collected by the PI. It should be pointed out that we refrain from publishing routine crystal structure reports (and thereby artificially inflating our publication total). Thus most of our publications are full papers which contain anywhere from 3-10 structures/paper and many have undergraduate co-authors who actually collected and solved the structures. In fact one of Prof. Carrano’s undergraduates finished with 14 publications!  (3) Both the data obtained and the mere fact that we had equipment as sophisticated as an X-ray diffractometer at an undergraduate institution, have contributed to many more successful research and equipment proposals.  (4) We instituted new curricula into our Senior Advanced laboratory to introduce this vitally important topic. We shared some of our experiences with others by hosting a web page (now at Southeast Missouri State), published an article in J.Chem. Ed. on how to get started, and made data sets and our expertise available to others at similar institutions. It is anticipated that if the present proposal is funded expansion of this training aspect can continue.

An NSF-ARI award (9601574), on which C.J. Carrano was PI led to the purchase of SWT’s Varian INOVA 400 MHz NMR. This instrument, which has been operational for just over five years now, is the workhorse of the SWT department and used by virtually all research groups and in the upper division laboratory classes.

Finally C.J. Carrano was PI on an individual NSF research grant (CHE-9726488) entitled “New Heteroscorpionate Ligands for Inorganic Chemistry”. This grant resulted in 19 papers published, in press, or submitted. Highlights include:

· The synthesis of the first complete family of isoelectronic, isostructural N2X tripodal ligands, where X represents all the biologically relevant donor groups.

· A study of the mechanism of alkylation of zinc-thiolate model complexes that suggests that zinc-bound thiolates represent the active nucleophiles in certain zinc-containing enzymes. 

· A recent JACS Comm.Ed highlights the role of hydrogen bonding in controlling zinc-thiolate reactivity.

· The preparation and characterization of the first hydrogen–bond accepting trispyrazolylborate ligands and their metal complexes that show unusual stabilization of aquo and other ligands.

One of the co PI's (Doug Grotjahn) has been involved in two successful NSF equipment grants at SDSU: CHE-9413802, $455,263, 9-1-94 to 3-31-96, "Acquisition of a 400 MHz NMR Spectrometer," NSF Academic Research Infrastructure Program. The NMR spectrometer acquired with NSF support filled the single most urgent need at the time. With the NSF award in hand, an additional $150,000 in donations and funds were raised to enable an upgrade to a 500 MHz instrument and a donated 200 MHz machine. These two instruments benefited not only the co-P.I.s but also attracted several subsequent hires, representing about half of the present department!  The number of samples analyzed by NMR at SDSU has increased five to ten times since the new machines were installed. Now, typically about 500 samples a month are examined. The work of organic and organometallic chemists completely depends on routine access to the spectrometers, and approximately 50 publications have resulted so far. The resulting work has attracted funding from NSF, PRF, and NIH. Undergraduates have hands-on access to the instrumentation through courses in NMR spectroscopy, instrumentation, synthesis, and qualitative organic analysis. Even more significant, approximately 50 undergraduates and 30 graduate students have received research training on the new NMR machines since 1995. It is no exaggeration to say that the acquisition of the spectrometers was absolutely essential in building the infrastructure of the department, and it continues to play a major role in making new faculty and student research possible, leading to increased funding opportunities and interactions with the local chemical and biopharmaceutical industries. 


A second grant, CHE-0116758, $233,920, 7-1-01 to 6-30-04, "Acquisition of a Liquid Chromatograph - Mass Spectrometer System for Chemistry and Biology," was funded by the MRI program. The department acquired two LC-MS systems for essentially the price of one within the last year. A variety of samples, from peptides and proteins to air-sensitive organometallic complexes, have been analyzed. Numerous masters and Ph.D. students have been trained on the instrument. 

III. 
Research Activities

C.J. Carrano: “Inorganic” Site Directed Mutagenesis. 

With the advent of modern molecular biology techniques, “site directed mutagenesis” has become an important tool in understanding the structure and mechanism of action of many metalloproteins. The powerful promise of this approach is the ability to make single amino acid substitutions at a metal binding site and study, in a systematic way, how the nature of the donor atoms affects structure and/or reactivity. Such a profound understanding would eventually give rise to the ability to molecularly engineer enzymes for improved and/or differential reactivity in a way presently unavailable. Unfortunately despite its promise and seeming simplicity, the interpretation of site-directed mutagenesis results has often been anything but simple. This is largely because of the difficulty in separating the direct changes in reactivity and/or structure inherent to the altered amino acid ligand and those that arise from indirect changes to the overall structure of the protein, caused by variations in charge, hydrophobicity, hydrogen bonding etc. It would be highly advantageous to the “enzymologist” if the direct and indirect effects of changing amino acid ligands in a metal binding site could be separated. 
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One way to study the reactivity inherent in a particular structure and/or ligand environment is in the synthesis, structural characterization, and reactivity studies of small synthetic analogs to metalloenzymes. Extensive efforts have been undertaken in this regard and some of the most successful of these have utilized the tris(pyrazolyl)borates, TpR, as a platform.1 We have recently succeeded in providing a general route into a class of ligands, variously known as heteroscorpionates which are related to the trispyrazolylborates.2 Together, they constitute a complete family of monoanionic tripodal ligands (Figure 1) of the general type, N2X, where X includes all the biologically relevant donor atoms. Investigations of how donor atom identity affects the properties of a metal center in a series of isostructural and isoelectronic complexes are now possible. Comparing the [(pz)2CHX] heteroscorpionate ligands where X contains an  -O-, -S- or COO- donor with the well-studied trispyrazolylborates allows a direct comparison of properties with varying donor atom identity i.e. the inorganic chemist’s equivalent of site-directed mutagenesis. The ability to understand how these properties are affected will allow for their fine-tuning in metal complexes as well as providing the “enzymologist” with information aiding in the interpretation of site directed mutagenesis results on metalloproteins. While we hope to prepare structural, spectroscopic, and/or functional models of many metalloproteins or other bioinorganically important systems, it is expected that much new coordination chemistry will also be revealed which may be interesting in its own right and have applications in other areas. Three applications of “inorganic” site-directed mutagenesis follow: 

Mononuclear Molybdenum Metalloenzymes: Mononuclear molybdenum containing enzymes all have the general function of catalyzing oxygen atom transfer (OAT) to or from a physiological donor/acceptor with the metal cycling between the +6 and +4 oxidation states. They can be conveniently divided into three major groups based on the structure about the metal center, all of which include one or more pterin cofactors.3 The role of the pterin ligand remains unclear. The sulfite oxidase (SO) family contains a dioxo molybdenum center coordinated to the dithiolene unit of the pterin along with a cysteinyl sulfur from the protein. The group exemplified by xanthine oxidase contains one pterin bound to a fac-MoO(S)H2O unit with no direct protein based ligation. The final group, the DMSO reductase family, is characterized by a monooxo MoO (or S, Se) center with bis dithiolene coordination from two pterins and a serine alkoxy oxygen from the protein. 

Of the three families described above the one most amenable for study with the ligand family presented here is that represented by sulfite oxidase. It catalyzes the reaction: 

            SO32- + H2O + 2 cyt cIII (  SO42- + 2H+  + 2 cyt cII
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The coordination environment about the Mo for this class of enzyme is known (see left) and basic mechanisms of reaction have been postulated. The catalytic cycle involves OAT from the dioxo Mo(VI) center to produce a monooxo Mo(IV) followed by two successive proton coupled one electron transfers to regenerate the active enzyme. The role and importance of the dithiolene and the cysteinyl-S in controlling the OAT at the dioxo Mo(VI) center and/or reoxidation of the Mo(IV) has been the object of intense study but definitive answers remain elusive. 

Model chemistry has been of particular value in understanding the structure and mechanisms of these molyboproteins. In particular the detailed, elegant, and extensive work of Enemark and coworkers using the Tp platform has resulted in systems that mimic all the seminal aspects of the enzymatic processes.4  Indeed, these workers have given us one of the first forays into “inorganic site directed mutagenesis” by comparing reactivity and spectroscopy of isostructural [TpMoO2X] derivatives where X= halide, phenoxide, alkoxide and thiolate. For example the rate of OAT follows the trend Cl>SR>OPh>OR with rate constants >10-2, 6 x 10-4, 2 x 10-6, and <10-8 sec-1 respectively which have been correlated with redox potential (-0.62, -0.76, -0.88 and –1.13 v). The Tp system does however have two disadvantages. First, it is symmetrical leading to few unique structural variations (i.e. all cis), and second, that it ties up three of the molybdenum sites with nitrogen donors that are not found in the native proteins. This limits synthesis of more sulfur rich coordination spheres needed to further probe the system. 

Our preliminary work on OAT transfer using [LMoO2Cl] where L=L1O- or L3S- as the donor and PPh3 as the acceptor in comparison with the Tp analog has revealed some unexpected results. While TpMoO2Cl reacts extremely rapidly, [L3SMoO2Cl] reacts quite slowly and [L1OMoO2Cl] hardly at all. This reveals an unanticipated role for N as opposed to S and O in accelerating the OAT reaction. 
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Although we see only one of the two possible isomers for the dioxo Mo(VI), [LMoO2Cl] systems we have looked at thus far (both oxo groups trans to pyrazole nitrogens), we have observed and isolated the two isomers of the Mo(V), [L1OMoOCl2]. The two isomers  (shown schematically to left), have the oxo group trans to either pyrazole nitrogen or the phenolate oxygen. Surprisingly the two isomers differ significantly in their physiochemical properties including EPR parameters and redox potential. The major isomer (yellow) is the one with the oxo group trans to the phenolate and has reversible Mo(V)/Mo(IV) and Mo(V)/Mo(VI) redox couples at –484 and +1316 mv vs. SCE. The minor (red) isomer has the same couples at  –708 and +1171 mv. The two isomers also differ markedly in their reactivity toward substitution. Thus while the yellow isomer undergoes substitution at the chlorides within hours at 70(C, no substitution is seen under comparable conditions with the red. These results indicate how important the nature of the donor atoms and their exact geometrical arrangement is likely to be in both model complexes and molybdenum enzymes. Since similar isomers are expected for all of the nonsymmetric ligands in the family, reaction of the isolated isomers with the salt of an appropriate dithiolene such as benzene dithiol (bdt) should produce the corresponding isomeric form of LMoO(bdt) i.e. a dithiolene sulfur trans to either a nitrogen or the X donor of the N2X ligand. One electron reduction of the Mo(V) species by CoCp2 or other reductant will yield the Mo(IV) complex. These should make very interesting spectroscopic models for the reduced and one electron oxidized intermediate forms of SO since they contain a dithiolene unit and different donor atoms X that can be placed in either cis or trans positions vis a vis the oxo group. In addition it has some relevance to the enzyme xanthine oxidase as it is has been postulated that there is a conformational change during the catalytic cycle whereby the oxo group is driven out of the dithiolene plane into that normal to it. 
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Models for (-Ketoglutarate-Dependent Non-Heme Iron Enzymes: Non-heme mononuclear Fe(II) centers are often found at the active site of enzymes involved in the binding and activation of dioxygen.  The  (-ketoglutarate ((-KG) dependent dioxygenases represent a large class of these proteins. Most enzymes in this class couple the mono hydroxylation of an unactivated C-H bond in substrate with oxidative decarboxylation of the cofactor (-KG, leading to the formation of CO2 and succinate.5 In the catalyzed reaction one atom of dioxygen is incorporated into the hydroxyl group on the substrate while the other ends up in the carboxylate group of succinate. A proposed mechanism is shown above.

Members of this class of enzymes include: prolyl 4-hydroxylase, lysyl hydroxylase, 4-hydroxyphenylpyruvate, clavaminate synthase and deacetoxycephalosporin C synthase (dacso).  Although most of the available evidence suggests a preponderance of N,O donors, the nature of the ferrous ion binding site has been unequivocally determined in only one of these enzymes. Here the recent X-ray structure of dacso reveals a facially coordinating 2-histidine 1-carboxylate donor set. In the enzyme cofactor complex, (-ketoglutarate is found to bind in a bidentate fashion through both the (-keto and carboxylate oxygens. The appearance of the N2O facial triad as an emerging structural motif in non-heme Fe(II) oxygenase enzymes has been noted.6 The structure of the binding site shown to the left is taken from the X-ray structure of dacso.
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Some very successful structural and reactivity models for these enzymes have been described based on the Tp ligand platform. The initial report, using sterically undemanding TpMe,Me, and benzoylformate (BF) as a (-ketoglutarate mimic, demonstrated aspects of both structure and reactivity reminiscent of the enzymes and proposed a mechanism to account for these.  Bidentate binding of the cofactor (-ketoglutarate was strongly suggested. Subsequent work using more sterically  restricted Tp analogs further refined the model and illustrated the importance of steric factors in controlling reactivity. Thus while the [TpMe,MeFe(BF)] derivative reacted too rapidly with O2 to detect intermediates, the Tp3-tBu,5-iPr derivative was completely unreactive towards oxygen. It was proposed that the latter was too sterically congested to allow the subsequent coordination of dioxygen needed for reactivity. Finally in an elegant piece of work using a Tp ligand of intermediate steric accessibility, i.e. TpPh,Ph, Que et.al. were able to demonstrate all the essential elements of the enzyme reaction.7 Given the signal success of the Tp platform at providing a functional enzyme model, it now becomes possible to probe some of the more subtle factors that may affect reactivity at these non-heme iron centers. Specifically, since our family of scorpionate ligands is in general structural analogs for the Tp’s we should be able to: (1) synthesize analogous pentacoordinate [(L)FeBF] complexes, (2) initiate our “inorganic” site directed mutagenesis by varying the donor atom in the N2X ligand, L and (3) probe the reactivity of resulting complexes with dioxygen and NO. The availability of L4O- with its two pyrazole nitrogen, one carboxylate oxygen donor set, which matches that found in the deacetoxycephalosporin C synthase and many other non-heme ferrous oxygenase structures, makes it a natural starting point. Synthesis of [(L)FeBF] will follow literature procedures involving sequential addition of FeCl2 and BF to an acetonitrile slurry of the ligand. The resulting enzyme-cofactor analog complex will be characterized using standard methods i.e. NMR, IR, MS, resonance Raman spectroscopy, X-ray crystallography, electrochemistry etc. as appropriate. Products formed upon exposure of [(L)FeBF] to oxygen in both coordinating and noncoordinating solvents and in the presence and absence of oxygen atom acceptors/”substrates” (i.e. alkenes) will also be probed.  Reaction with NO rather than O2 should lead to a stable complex that mimics the dioxygen bound adduct. In addition to probing how a change in donor atom from N to O to S in an isoelectronic/isostructural N2X ligand set affects structure/reactivity in these complexes, we will also probe the effects of charge. 

Reactivity in Zinc Thiolate Proteins: Thiolate interactions are critical to the function of a large number of the over 300 zinc metalloproteins known.  These proteins generally have one of two widely divergent roles:  either as part of structural elements designed to stabilize a particular protein conformation or as reactive entities with enzymatic function.  In the former group are the DNA recognition and regulatory "zinc fingers", while the latter includes a number of enzymes involving alkyl group transfer. The zinc in these proteins has the same approximate geometry (pseudotetrahedral), and in many cases an identical set of donor atoms as well.  An enigma that has remained unanswered is how proteins with such virtually identical structures and donor atoms can have such widely divergent functions.  Our long-term goal is to understand the fundamental factors that distinguish the coordination chemistry and reactivity of Cys-rich catalytic metal sites from structural sites.  Specifically, we seek to test the hypothesis that while a Zn(II)-bound thiolate is a competent nucleophile, its reactivity is carefully controlled in proteins by the protonation state of the cys thiol(ate)s, and/or H-bonding interactions.
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Although a statistical analysis of many Zn(II)-S proteins pointed to a strong correlation between electrostatic screening of the core by H-bonding interactions and lack of reactivity, no direct experimental confirmation of this notion or its magnitude have been reported.  Therefore we have used the reaction of LZnSPh complexes with CH3I to model the reaction of Zn(II)-S bonds with an electrophile in solution. The ligands L in these studies are one of our N2X tripodal scorpionates shown in the figure 1 and designated L1O, L4O or L3S.  To mimic the presence of an NH…S H-bond, we have utilized o-N-Ac-thiophenol in place of thiophenol as the exogenous forth ligand.  o-N-Ac-thiophenol and its derivatives are known to possess an internal H-bond between the amide and the thiolate sulfur.  Our preliminary results indicated that thiolate reactivity in the L1OZn(thiolate) complex is reduced by about two orders of magnitude in the presence of a single H-bond. We were therefore greatly surprised when repeating this experiment using the L4O complex and its non H-bonding analog, that the effect was now almost nil (less than a factor of two). A solution to this puzzle became evident however from an examination of the crystal structure of the latter which clearly revealed that the H-bond formed in this case was between the carboxylate oxygen of the scorpionate ligand and NOT the thiolate sulfur. This provides an excellent example of how crystallography provides support to reactivity studies. To test the effects of H-bonding on the specificity Zn(II)-thiolate reactivity, we have also isolated and completely characterized the complex [L3SZn(o-N-Ac-thiophenol)], (left, Fig. 2 above), which contains two thiolates, one which is involved in H-bonding and the other not.  In the absence of H-bonding effects, the thiophenol and heteroscorpionate thiolate sulfurs react at similar rates.  Reaction with (CH3)3OBF4 results in the formation of only one product (Fig. 2, right) where only the L3S thiolate sulfur is alkylated.  Thus even with a single H-bond, the specificity was near 100%. These results show the importance of H-bonding in these systems and further work along these lines is ongoing.

Douglas B. Grotjahn - (1) Ketene-Carbene Chemistry and Applications - (2) Biologically Inspired Organometallic Chemistry - Proton Transfer and Hydrogen Bonding 

The Grotjahn group depends heavily on results from X-ray diffraction. In recent years the annual average number of X-ray structures obtained has been about 20. However, with local and reliable access to instrumentation, this number is expected to increase several times. About half of Grotjahn's published papers feature structures of organometallic complexes.1-12 Because there is no diffractometer at SDSU, the PI has collaborated mainly with Professor John Hubbard (Utah State) and the group of Professor Arnold Rheingold (Delaware, as of Jan. 2003 at UCSD). In addition, the PI has worked with Professors Gerardo Aguirre and Fernando Chicote at Instituto Technológico in Tijuana (about 30 miles away), but their standard non-CCD diffractometer has now been broken for months. The PI's research involving ketene and carbene complexes has been funded from August 2001 to July 2004 by NSF and from 1998 to the present by PRF. More significantly, since the PI moved to SDSU, he has initiated a new research program in biologically inspired organometallic chemistry, using hydrogen bonding and proton transfer in conjunction with transition metals. In this new project alone, approximately 60 crystal structures have been determined and many remain unpublished as the chemistry of the complexes is explored and intellectual property rights are secured. In the future, the PI envisions an ongoing and increasing need for high-quality X-ray diffraction data in both the funded ketene work and the emerging catalysis studies. 

1.
Ketene-Carbene Chemistry and Applications 

Long-term goals: (a) Make organic chemistry of Fischer carbene complexes catalytic, not stoichiometric in metal. (b) Determine the kinetic and thermodynamic relationships between ketene complexes in which the metal is coordinated to the C=C bond and those in which the metal is coordinated to the C=O bond as a function of metal, oxidation state, and ligand set. (c) Determine kinetic and thermodynamic relationships of ketene and carbene-CO complexes. (d) Find new metal-mediated reactions of ketenes. (e) Find new ways to make carbene complexes under neutral conditions, amenable to catalysis. X-ray diffraction studies play an especially important role in (b), (c), and (d), so the following discussion focuses on these parts. 
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Progress and Future Work: Since 1995,2 we have reported on Ir and Rh ketene complexes with a unique combination of stability and reactivity. The unique stability/reactivity combination allows us to study fundamental processes for which little or no information exists. The most publicized result from our group (reported in Science, Chemical and Engineering News, and the Highlights section of Angewandte Chemie) regards a chemically reversible interconversion of ketene complex 1 and carbene-CO complex 2.8,13 The Ir-phosphine system shown is the first case where starting material and product could be identified and isolated going in either direction. X-ray diffraction structures showed: (1) that the coordinated C-C bond in complex 1 was the longest of those reported for C,C-bound ketenes, (2) that 1 was not a square-planar complex, and (3) that 2 had the carbene ligand proposed. The chemistry shown is the first direct observation in both directions of a fundamental organometallic reaction proposed in 1960. 

What is even more exciting is our observation of dynamic NMR behavior of 2, which is considered in a recent collaborative theoretical study.13 We propose that carbene-CO coupling occurs reversibly in 2 even without added chloride ligand (see Scheme 2)! We are designing experiments to test this hypothesis. This work is at [image: image8.wmf]M
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the heart of NSF and PRF AC grants funded in 2001. Using variable-temperature NMR on 2a, we see exchange of the two 31P nuclei of the chelating diphosphine ligand with an activation energy of about 15 kcal mol-1. One interpretation is that the phosphines dissociate and then re-bind, and in the process trade places. However, a more exciting explanation is that we are seeing reversible coupling of carbene and CO ligands in 2, giving a transient intermediate such as 3 (various other geometries and coordination modes are also conceivable). We plan to compare the rate of the fluxional NMR process with the rate of reaction of 2 with added chloride at various temperatures in order to show that both processes may involve rate-determining carbene-CO coupling. If reversible coupling is occurring, then we could change ketene or phosphine substituents (e.g., X in Scheme 2) and directly observe changes in activation energy, hence directly observe the electronic and steric effects on carbene-CO coupling. Significantly, this would be the first such direct evidence regarding this reaction, which is at the heart of many uses of carbene complexes in organic synthesis. 
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X-ray diffraction studies on phenyl-substituted derivatives of both 1 and 2 are expected to allow us to correlate changes in metal-carbon and carbon-carbon bond lengths with the electronics of the diarylketene and diarylcarbene ligands.

Ketene-metal binding. Our ability to isolate Ir ketene complexes allowed us to make the first direct comparison of ketene complexes of the same metal fragment to either the C=C or the C=O bond (4a and 6a, Scheme 3).11 We made 13C- and 18O-labeled ketenes and their complexes, and for the first time verified the identity of key IR absorptions used by others to characterize ketene-metal bonding. We are able to correlate C-C bond length (measured by us for complexes in Scheme 3) and 13C-13C NMR coupling constant, as shown. In addition,7 migration of a Rh center on diphenylketene suggests new experiments to define the ability of a metal to migrate from the C=C to the C=O bond (see below). One long-term goal is to determine for the first time the kinetic and thermodynamic relationships between isomers of ketene complexes, such as 4a and 6a. Ketene complexes have been invoked as intermediates in stereoselective organic syntheses (e.g., from Cr-carbene complexes), but in the absence of any characterization there it is unclear how the ketene and the metal are bound in these processes. In contrast, in A and B (left half of Scheme 4), by subtle variations in phosphine and ketene we expect to generate an equilibrium mixture of the two linkage isomers and study their rate of interconversion. In published work (right half of Scheme 4 and reference 7), we found that phosphine loss from 7 led to 8, with migration of the metal from the ketene C=O bond to the C=C bond. In 8, if the observed flipping of the coordinated [image: image10.wmf]O
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phenyl ring (G‡ = 13 kcal/mol, determined by 1D and EXSY NMR experiments) involves only breaking of the Rh-phenyl bond, that would leave the metal on the C=C bond; but if this is so, we should see movement of the metal to the other phenyl ring as well. Since we do not, this suggests that when the Rh-phenyl bond is broken, the metal migrates specifically (9) to side of the C=O  system closest to the formerly coordinated phenyl ring. We will make an unsymmetrical complex with differently-substituted phenyl rings to verify the stereospecificity of metal migration. Ketene loss or exchange on the complexes can now be probed with high sensitivity, because we have made labeled Ph2C=13C=O.11 

Summary: X-ray diffraction has allowed us to reach conclusions about fundamentals of ketene-metal interactions. These data are expected to be crucial to further progress of the research. 

2.
Biologically Inspired Organometallic Chemistry - Proton Transfer and Hydrogen Bonding 
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Long-term goals: inspired by natural enzyme structure and function, we want to use hydrogen bonding or proton transfer properties of ligands to catalyze reactions of high interest to organic chemists: addition of water, alcohols, or amines to alkenes and alkynes (with either Markovnikov or anti-Markovnikov selectivity), amide hydrolyses, hydrogenation of polar groups, C-H bond activation / functionalization, etc. This is a new initiative started in my group in 1998. Two patents have been filed so far, with one granted. Our first testing ground has been complexes of general structure 10, where a pyrazole NH donates a hydrogen bond or a proton to another ligand X. Structure 11 shows how we envision catalysis of amide hydrolysis to occur on Pd complexes of type 10, and structure 12 shows how we envision how related metal hydrides hydrogenate imines and carbonyl groups. We have developed a general synthesis of pyrazoles which lets us put virtually any group R and side chain ligand L at carbons 3 and 5 of the ring.14 Using new pyrazole ligands, we have made about 100 complexes of Pd, Ni, Cu, Zn, Ru, Rh, and Ir, many characterized by X-ray diffraction.9,10,15,16 Some of the Pd complexes catalyze hydrolysis of unactivated amides at pH 4 and 70 oC, unusually mild conditions. 

However, our first major breakthrough was a 2001 communication in Angewandte Chemie12 (chosen as a “Hot Paper” for the Web edition). In ongoing work, we are making a wide variety of heterocyclic phosphines and studying their complexes of general structure 13 (Scheme 6). We use imidazole-phosphines and Ru(II) in 14 to catalyze anti-Markovnikov hydration of alkynes to give aldehydes in >90% yield and with up to 1000 to 1 selectivity over Markovnikov hydration. Acid-sensitive substituents such as tert-butyl(dimethyl)silyloxy remain intact. 

Ongoing and future work:   In my group, four Ph. D. students and two M. S. students are synthesizing heterocyclic ligands, their complexes of Ni, Pd, Pt, Ru, Rh, and Ir, and looking at catalysis, structure, and bonding using traditional synthetic methods and DFT calculations. In the coming months we are going to start using combinatorial chemistry for catalyst screening. We intend to use the hydrogen bonding and proton transfer capabilities of the ligands to create catalysts for hydroamination or hydration of alkenes and alkynes, for functionalization of carbon dioxide, for reduction of aldehydes, ketones, and imines, and for catalytic C-H bond activation / functionalization. There are some catalysts for hydroamination, but usually for special substrates (e.g. styrenes, 2-vinylpyridine) and as far as we know, only the 2-vinylpyridine case results in anti-Markovnikov addition. In addition, as far as we know, catalytic anti-Markovnikov hydration of alkenes has never been achieved, and catalytic C-H bond activation and functionalizations are still unusual. 
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Our most exciting progress using pyrazole complexes is shown in Scheme 7. Pyrazolate complexes 15 are unusual in that they are monomers with an accessible basic N atom, rather than dimeric complexes with a bridging pyrazolate in which both N are coordinated. We ascribe our ability to maintain the monomeric structure (see X-ray of 15a) to the bulky tert-butyl group, and using our general synthesis of such ligands14 we are intensively studying the unusual properties of monomeric pyrazolate complexes. For example, we have direct evidence for activation of N-H and C-H bonds by 15 in reactions of amides and alkynes; hydrogen bonding of the N-H to the carbonyl in 16 is suggested by the very downfield chemical shift (cf. data for 17). Most significantly, 15 catalyzes a number of interesting reactions, such as coupling / cyclization of alkynols 18a and related N-tosylamides 18b to dienes 19, and redox cyclization of amino alcohols to cyclic amines, which is not shown but is related to structure 12 above. 

Summary: High-quality data from which the positions of the "interesting" hydrogens involved in bonding to heteroatoms will be needed more and more in order for us to characterize hydrogen-bonding interactions in our bifunctional catalysts.

H.–C. Liang: Water–Soluble N–Donor Ligands and Corresponding Complexes

Background and Importance. Homogeneous water​–soluble transition metal catalysts have attracted increasing attention from both academia and industry because of their ease of separation from the organic products in biphasic reactions.1 Furthermore, as green chemistry principles gain acceptance in the established chemistry community, the desire to conduct reactions in “greener” solvents such as water have also spurred interest in designing new, water–soluble ligands.  Because most of the emphasis in water–soluble ligands has focused on synthesizing new catalysts for organometallic reactions using softer 4d and 5d transition metals in lower oxidation states, water–soluble, phosphine–containing ligands are relatively well–studied.1, 2 Conversely, water–soluble N–donor ligands remain rare, and few systematic synthetic routes to different classes of water–soluble, N–donor ligands for binding harder 3d transition metal complexes are known.3 The synthesis of new, water–soluble, N–donor ligands containing sulfonate (–SO3–), carboxylate (–CO2–), and hydroxyl (–OH) groups, the syntheses of their corresponding Zn(II), Cu(II), and Ni(II) complexes, and tests for their abilities to catalyze the hydrolysis of various organic substrates in water, will be the subject of this research proposal. 
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Proposed Work and Initial Results. The first phase of our research centers on synthesizing and characterizing new water–soluble N–donor ligands and their corresponding Zn(II), Cu(II), and Ni(II) complexes, with the ultimate goal of finding efficient, water–soluble catalysts for hydrolyzing various organic substrates.  The rationale for choosing these three metals lies in the fact that these metals in the 2+ oxidation state exhibit the highest rates of hydrolysis of esters.4 We are currently pursuing two major synthetic strategies to synthesize our target water–soluble ligands.  The first route involves starting with primary amines which already contain the sulfonate (–SO3–), carboxylate (–CO2–), or hydroxyl (–OH) functional groups and treating these amines with 2–vinylpyridine in well–known Michael–type addition reactions to form the corresponding water–soluble N–donor ligands (Scheme 1).5  Currently we have synthesized and characterized the new compounds 1a-e and 2a-e and have started to synthesize corresponding Zn(II), Cu(II), and Ni(II) complexes of these new ligands.  One of these new ligands, 1b, has  been characterized by X-ray crystallography, and Figure 1 (right) shows the structure obtained of 1b in its expected zwitterionic form.  (Note: In Scheme 1, all of the starting materials and products except for R = OH exist as zwitterions at neutral pH.)  

Although the sulfonate moiety should be a weak ligand to metals, especially in aqueous solution, sulfonate groups are known to bind to metal centers.6  Because of this concern, we are currently synthesizing ligands 3a–b, which have sulfonate groups that cannot bind to the metal center, and will compare them with ligands 4a–b,  which contain sulfonate groups that are in position to bind to the metal center, to see if the ability of the sulfonate group to bind to the metal center will affect the catalytic activity and/or the water–solubility of the resulting complexes (Scheme 2). 
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In addition to synthesizing pyridyl–containing N–donor ligands via Michael–type additions of 2–vinylpyridine onto amines with sulfonate, carboxylate, or alcohol groups, our other synthetic strategy is to form new water–soluble ligands by attaching the sulfonate moieties onto a preexisting triamine ligands such as 3,3’–iminobis(N,N–dimethylpropylamine)  (Scheme 3).7    The first method is through Michael addition of vinylsulfonate to the middle nitrogen in 3,3’–iminobis(N,N–dimethylpropylamine).  While Michael additions of similar vinylic compounds have been reported in the literature,8 to the best of our knowledge, we are the first to attach an ethylsulfonate moiety onto an amine nitrogen by the Michael addition of vinylsulfonate to an amine nitrogen to form 5a.  We have also synthesized an analogous water–soluble ligand 5b through the reaction between 3,3’–iminobis(N,N–dimethylpropylamine) and 2–sulfobenzoic acid cylic anhydride.9
[image: image17.png]



Because ligand 5b contains an amide middle nitrogen, there are questions about whether all three of its nitrogen atoms or only two of the amine N–donors would bind to metal centers.  Preliminary results in our lab show that the (CO of the ligand increases between 20–30 cm–1 (from (CO = 1619 cm–1) upon binding to various Zn(II), Ni(II), and Cu(II) centers, suggesting that there are significant interactions between the amide nitrogen and the metal centers in the resulting metal complexes.  We will attempt to correlate the IR spectroscopic data with structural studies to confirm the ability of ligand 5b to bind metal centers through all three N–donors.10
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We have also started to synthesize and characterize various Zn(II), Ni(II), and Cu(II) complexes with ligands 1a–e and 2a–e and Na2CO3 and have structurally characterized the product of the reaction of ligand 1b with Na2CO3 and ZnCl2, complex 6 (Figure 2, left).   Although complex 6 has a four–coordinate tetrahedral geometry and has two chloride ligands which bind strongly to the Zn(II) center, it is still conceivable that 6 can catalyze the hydrolysis substrates because of the ability of Zn(II) to adopt up to six–coordinate geometry,4, 11 thereby possibly binding (and helping to deprotonate) a water molecule as well as coordinate a substrate molecule in a catalytic cycle.  We are and will be synthesizing metal complexes with more weakly–binding anions such as Br– and OTf– (trifluoromethanesulfonate) in the hopes of having more open coordination sites on the metal center to support catalytic activity.

Future Plans
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The next phase of our research consists of three components:  One is to continue to synthesize new water–soluble N–donor ligands and to fully characterize Zn(II), Cu(II), and Ni(II) complexes made from ligands 1 through 5 and other new ligands.  The second step of our research is to start screening these water–soluble complexes for reactivity towards organic substrates.  The third facet of our research is to utilize the principles of bioinorganic model chemistry to design more sophisticated water–soluble ligands to mimic the active sites of relevant metalloenzyme hydrolases.

a) Ligand Syntheses: While we explore the coordination chemistry of ligands 1 through 5 towards Zn(II), Cu(II), and Ni(II), we will continue to synthesize new water–soluble N–donor ligands, particularly water–soluble analogues of well–studied multidentate N–donor ligands such as ethylenediamine (en), diethylenediamine (dien) or 1,4,7​–triazacyclononane (tacn) through the Michael–type addition of the corresponding amines with vinylsulfonate which we developed in our lab (Scheme 4).  


Although compound 9 via reaction between 2–bromoethanesulfonate and 1,4,7–triazacyclonane has been reported in the literature,6 it was never isolated in its pure form.  The synthetic procedure that we have developed using the Michael–addition of vinylsulfonate should be a much cleaner synthesis for the desired sulfonate–containing ligands and will allow us to isolate pure products in the proposed reactions in Scheme 4.  In addition, because much work has been done on the ability of dichloro(1,4,7–triazacyclononane)copper(II) to catalyze phosphate diester hydrolysis,12 synthesis of the analogous complex with ligand 9 would enable us to compare the effects on catalytic activity from the added sulfonate groups and the possibly enhanced water–solubility of the resulting complex. 


Another area of interest is to compare whether having multiple negative charges on the N–donor  ligands would decrease the ability of the resulting metal complexes to lower the pKa of bound water, since most known studies on the hydrolyis of organic substrates have been conducted using neutral amine ligands.12,13   On a related topic, another question that may be answered by our studies of complexes binding  ligands 7–9 is whether having multi–anionic ligands would aid the metal complexes in avoiding substrate inhibition, since some of the substrates that we will be studying are anionic or form anionic species upon hydrolysis, which may bind too strongly to  postively–charged metal centers and inhibit their catalytic activity.

b) Screening for Catalytic Activity:  While much research has already been done on the ability of metal complexes to catalyze the hydrolysis of organic substrates, no systematic studies have been conducted using complexes made from ligands specifically designed to confer added water–solubility to the metal compounds.    We will examine the reactivity of the resulting Zn(II), Cu(II), and Ni(II) complexes towards catalyzing the hydrolysis of esters such as 4–nitrophenyl acetate14 or phosphodiester compounds such as bis(4–nitrophenyl) phosphate.12  These reactions can be easily monitored using our UV-vis spectrophotometer and kinetics software.

c) [image: image20.wmf]N

H

N

N

N

N

S

O

3

H

3

N

N

H

3

N

S

O

3

S

O

3

S

O

3

N

H

N

N

N

N

S

O

3

S

O

3

3

a

3

b

+

(

e

x

c

e

s

s

)

b

a

s

e

,

 

M

e

O

H

/

H

2

O

o

r

4

a

4

b

+

S

c

h

e

m

e

 

2

.

 

S

y

n

t

h

e

s

e

s

 

o

f

 

l

i

g

a

n

d

s

 

w

i

t

h

 

r

i

g

i

d

 

s

u

l

f

o

n

a

t

e

 

m

o

i

e

t

i

e

s

Bioinorganic Model Chemistry:  The third component of our research will focus on mimicking nature to design more efficient catalysts for the hydrolysis of phosphoester bonds.  For example, alkaline phosphatase catalyzes the hydrolysis of phosphoester bonds in a wide range of substrates by utilizing two Zn(II) centers working in concert.  Although the active site of alkaline phosphatase contains a Mg(II) ion as well, the two Zn(II) centers are thought to be directly responsible for its catalytic activity.11c, 15  The Zn(II) center with one histidine nitrogen donor and two aspartate oxygen donors acts as a Lewis acid to withdraw electron density from the organophosphate substrate while the Zn​–OH moiety on the Zn(II) center ligated to two histidine nitrogen donors and two oxygen donors from a single aspartate ligand attacks the phosphorous center of the substrate.11c, 15 
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Alkaline Phosphatase We will synthesize a series of heterodinucleating ligands which will model the active site of alkaline phosphatase by first attaching one 2–(2–pyridyl)ethyl unit on a series of diamines by Michael addition of 2–vinylpyridine.5  Then we will either add the carboxylate units directly using bromoacetic acid16 or go through a two–step procedure (Michael addition of ethyl acrylate8 followed by base hydrolysis).  On 11 a sulfonate group will be attached to the pyridyl moiety using standard sulfonation procedures.12b, 17  After forming the desired heterodinucleating ligands, which have the same set of donor atoms as found in the active site of alkaline phosphatase, we can synthesize the corresponding Zn(II) complexes and test to see if these types of asymmetrical dinuclear complexes can work in concert to better effect the hydrolysis of organic substrates than mononuclear or symmetrical dinuclear complexes.18  We will also synthesize and test the reactivities of Cu(II) and Ni(II) complexes using these new heterodinucleating ligands. The addition of an X–ray diffractometer in the chemistry department at San Diego State University should greatly enhance our capabilities to study the chemistry of paramagnetic complexes of our new water–soluble ligands.

Other Users:

a) Tom Cole, San Diego State University- main group organometallic chemistry, boron chemistry. We intend to use x-ray structures in our research program on the transfer of organic groups between metals and boron compounds, for the determination of the relative and absolute stereochemistry of chiral organic and organoborane compounds and the structures of new organometallic complexes. (estimate 3-5 structures/yr)

b) Dave Burkey, San Diego State University- organometallics, metal arene chemistry (10-20 structures/yr)

c) Michael Blanda, Southwest Texas State University- calixarene chemistry, metal binding by calix-6-arenes, correlation of X-ray derived conformation with NMR parameters (the PI has done approximately 20-30 structures for Prof. Blanda over the last few years and that number is expected to increase).

d) Debra Feakes, Southwest Texas State University- Boron neutron capture therapy, carborane chemistry (3-5 structures/yr.)

IV. Description of Instrument and Rationale for its Selection

The Bruker APEX CCD diffractometer was chosen as it represents a cost effective, turn-key solution to obtaining CCD capability at SDSU. In particular the PI brings 10 years of experience on Bruker (formerly Siemens, formerly Nicolet) equipment and is thus extremely familiar with it and therefore in a better position to minimize the learning curve and to undertake considerable maintenance as well. The APEX diffractometer includes a 4K CCD area detector with phosphors suitable for Mo radiation, goniometer, frame buffer computer system, SMART data acquisition software, SAINT data reduction software and SHELXTL structure solution software. Also included will be the needed chillers for the X-ray tube and the CCD camera, and KryoFlex low temperature system for data collection at 90K and above. While there are now newer Bruker systems in the offing, the APEX remains virtually “state of the art” for small molecules and yet is obtainable at a somewhat reduced cost.

V.
Infrastructure Impact

Along the major SDSU institutional users whose research is outlined in the text, the faculty members from other primarily undergraduate institutions, including the PI’s former colleagues at SWT, will be given access to no cost data collection/structure solution. In addition the PI remains particularly committed to the training and use of this equipment by undergraduate research students and will, as indicated in the “Training” section, set up and host workshops for such students, and their faculty mentors in data collection and structure solution. Given the large undergraduate population at San Diego State and the high percentage of minority students (SDSU is the 10th largest producer of minority baccalaureate degrees in the USA) such activities will substantially increase the impact of the award.  Finally, although not the thrust of this proposal, it is anticipated that sufficient time will nonetheless be available on the instrument to allow us to incorporate X-ray diffraction data collection and analysis directly into the advanced synthesis and spectroscopy laboratory classes including Chem 496 and 537, thereby exposing a large number of undergraduates to an understanding of the use of this most powerful of tools.

VI. Operation, Maintenance and Training

The department at SDSU remains committed to the upkeep of its major equipment, including three high field NMR’s. The diffractometer is no different. The PI, as Chair, is in a position to see that equipment maintenance is given the highest priority. Expendable items such as X-ray tubes, capillaries, cryogens for the low temperature apparatus etc. will come from research grants available from groups that utilize the instrument. The diffractometer at SWT was kept operational via this route for nearly a decade and Prof. Carrano has extensive experience with both its maintenance and operation. He will be ultimately responsible for both its operation and the training of various users. In the past Prof. Carrano has typically trained one of his postdoctoral fellows and one or more of his undergraduates to function as departmental operators. These students aid other research groups both with the actual data collection and with the ultimate structure solutions. Complex or difficult structures will continue to be handled by Prof. Carrano himself.  Since data collection on a CCD equipped diffractometer is so much faster than that with a point by point detector system, it is anticipated that instrument use can be apportioned on a simple first come first served basis with users (either internal or external) experiencing no significant waiting. The rate-limiting step in the process will thus shift from data collection to actual structure solution. Data sets will be transmitted electronically to users based outside of SDSU. While it may appear that the PI is “biting off more than he can chew” with regard to data collection and analysis, previous experience at SWT indicates that reasonably trained undergraduates and postdoc’s can handle the load of “routine” crystals (the vast majority) despite the potential for an increasing number of crystals to be dealt with on a CCD based system. While not designed to produce expert crystallographers, workshops will be set up by the PI for students, faculty and staff at SDSU and other area PUI’s  (University of San Diego and Cal State San Marcos for example) in structure collection and solution which will eventually reduce the load on the Carrano group. In particular the Grotjahn group, expected to be the second largest user, will appoint a “staff crystallographer” from their ranks who will be trained by the PI and thereby further reduce the load on the Carrano group.
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