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ABSTRACT

The rhodium isocyanide dimer, Rh,{pridge) 42 +, has been synthe-
sized and characterized, Like monomeric rhodium isocyanide complexes,
thé dimeyr has a tendency to associate in solution arnd reversibly form
oligomers} These oligomers have heen detected spectrosc opvictaﬂ;y?
and concentration dependences verify their formulation as high aggregates.
The dimer also undergoes iwo-center,two~electron oxidative addition
with a variety of reagents, including the halogens, methyl iodide,
ethyl iodide, and methyl tosylate. These O'f;idative adducts have been
characterized and studied through a variety of techniques. The dimer,
unlike rhodium isceyanide monomers, acts as a base and binds one
proton in agueous solution, Titration data are pregéz’lted, and an
approximate pr has been obtained. When ireated with aqueous acid,
visible light (546 nm) phf:»t(ﬂyéis of solutions of E%hz(%ai'idge)4z+ yields
molecular hydrogen with quantum yields as high as 0.04, The photo-
chemistry is oxygen sensitive, as well as anion dependent. Possible
means of exploiting the photoreaction in a solar eﬁergy storage scheme
is also discussed In order to beiter unde‘i;stand the metal~metal
interactions in the dimeric species, extended ~-Huckel molecular orbital
calculationsawere performed on the rhodinm dimer, as well é_s on
monomeric fragments with the four isoelectronic metals Ru(0), Pd(II),
Co(I), and Ir(i). These results, and their relationship to observed

physical properties of the rhodium dimer are discussed in detail.
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CHAPTER1

A STUDY OF THE CHEMISTRY OF THE
DIMERIC RHODIUM ISOCYANIDE COMPLEX;
Rh, (bridge )42 *



Introduction

There has !5@@:} much interest in the development and character-
ization of materials which exhibit anisolropic properties in the solid
statel “rhese compounds, often termed "one dimensional materials ",
display huge var umons in physical properties depending upon the
paﬁicuizw o;zerﬁatlon of the material to be i,u,hezti, Perhaps the most

1

widely stud examples of such {ransition metal complexes involve
long chamg of platinum(II), and include (1%(1‘\1?{3)4)(5&(’714) (Magnus'
Green Sa”ﬂ‘;)i d X, PL{CN) CIG.S (Krogmann's Salt), These compounds
exhibit very high anisotropic effects and show unusual conductivity
preoperties along the unique molecular axis. The major drawback

with the Pt(ll) compounds is that study of these comyplexes is restricted
to a determination of golid state properties because thegse compoundas
have a strong tendency to disproportionate in solution and lose their
anisofropy.

In order to obtain amisotropic materials more suiteble for solution
chamctérization, a study of rhodium(l) isocyanide complexes was
undertaken in 1974 by Harry Gray and Kent Mann at Caltech, 2,10 The
rhodium system was seen to have two significant improvemeﬁts over
the platinum complexes: 1) the choice of rhodium instead of platinum
as the coordination center would lead to more tractable complexes, and
2) the wide variety of side groups present in the isocyanide ligands
permitted detailed comparisons of many different ligands, and thus
enabled one to identify mak]or steric and electronic factors which

m M&i play a role in the solid state properties.

These rhodium complexes were indeed found to exhibit solid-state
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properiies similar to the PL{II) complexes; however, the rhodium(l)
isocyanide complexes were also found to possess many of these
properties in sclution as well, Detailed spectral studies as a function
of concentration indicated that the Rh(C‘.‘t;\;fii?_);1L cations undergo complicated
equilibria in solution, and this data was interpreted as the formation
of oligomers of the type ( Rh(CNR)f)n which are in equilibrium with
the parent monomers. Though the cbservations and data were logically
consistent with the formation of these oligomers, the complicated
equilibria involved prevented isolation of these gpecies. In order to
provide direct evidence for the formation of the postulated dimers and
higher order oligomers, it was propoesed by Kent Mann that a bridging
isocyanide ligand that would "lock together' two rhodium(l) units should
be synthesized., The main focus of the first portion of this work deals
with the synthesis and characterization of such a discrete rhodium(i)
isocyanide dimer, ha{CN{czg)ch)f* , or ha(brmge)f ¥ and the
relation of this dimeric species to its equilibria-formed count\erparts.

After a preliminary examination of the properties and characteristics
of the new dimer, it was realized that the ﬁigh degree of electronic
coupling between the two rhodium centers might lead to unique redox
properties for this system. The remainder of the work, in a general
sense, deals with the unusual reactivity due to this strong coupling
between the rhodium centers %nduced by the bridging ligand framework.
This chemistry encompasses two center oxidative addition reactions,
revérsible protonations of the dimer, and energy storing photochemical
systems. Though monomeric complexes may exhibit properties
similar to those found for the bridged dimer, I feel that the basic

theme of this thesis is the unique properties of two strongly coupled
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c18 metal systems, and emphasize that the reader should be always

cognizant of these properties in the chemistry to be presented,
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Yxperimental Technigues

Infrarved specira were recorded on a Perkin-Elmer 225 spectro-
photometer as Nujol mulls or KBr pellets, as indicated in the text,
Nuclear 1ﬁagnetia resonance experiments were performed on Varian
T-60 and A-60 spectrometers, except when experiments required
Fourier transform ftechnigues, and a Varian XL~100 spectrometer
was used in thése instances. Flectronic absorption spectra were
measured using a Cary 17 spectrophotometer. Emission spectra
were obtained using a Perkin-Elmer MPF-3A flourescence spectrometer
and spectra were digitally corrected for phototube and monochrometer

9 All pH measurements

response before data analysis was undertaken,
were taken on a Brinkman pH-101 meter which was calibrated with

known buffer sclutions before each experiment. Electron Paramagnetic
Resonance experiments were performed on a Varian E-9 spectrometer,
and fast kinetics were recorded on a Tektronix Rapid Scanning Spectro-

meter interfaced with a PDP-11 compute for data storage and analysis.

Fhotochemical Apparatus
| Preparative scale photochemistry was performed by irradiation

with 150-watt tungsten light bulbs with Corning 3-68 glass filters.

These same filters were also used in conjunction with a 200-watt

Hg-Xe Oriel soufce for use in small ézxnple photclyses. Quantum
yields were measured using a 450-watt medium pressure Hanovia
mercury lamp equipped with a 546 nm isolation filter.. All actincmetry
was done using KCr(NH,),(NCS), (Reinecke's salt) actinometers,12

with all irradiations carried out in a block thermostatted with
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approximately 30 liters of distilied water,

Synthetic Technigues
All solvents used {or synthesis were obt?;ined from commercial
sources as reagent grade or better, and were used without further
purification., ¥xcept for the photochemistry, all coinpounds are
air stable and thus did not necessitate vacuum line fechniques,
Photochemical experiments were rigorously degassed by at least
three freeze-purnp-thaw cycles under an oil diffusion pump. Analytical
data was supplied by either the Caltech Microanalytical Lab, Pasadena,
CA., Chemalytics, Tempe, Arizonav, or Galbraith Laboratories,
Knoxville, Tennessee, All samples for analysis were dried overnight
and pumped on at less than 10“6 mm Hg for at least 12 hours before

submission for analysis,



Preporvetion of Materials

i=3-diisocyanoprovane (bridge)

This previously unreported compound was synthesized by the
general method of Ugi, gt_,&%‘“but several minor modifications critical
to iso‘;.atioh of the product warrant a complete description of the method
used.

To a 3 liter, 3-pecked flask equipped with overhead stirrer and
two Claisen condensors was added 600 ml of a 50% aquems solution
of NaOH (prepared by mixing excess solid NaOH and water and allowing
the phases to come to equilibrium at 25°C. over several days) and
170 mi (2.1 moles) of chlorcoform . 500 ml of dichloromethane was
added as solvent, followed by 84 ml (I mole) of I -3-diaminopropane
(Aldrich Chemical Company) and finally, 2.1 g of the phase-transfer
éat alyst, b(“q,gvl -triethylammonium ch lorme The mizture was then
rapidly stirred until refluxing of the dichloromethane was observed.
When the rate of reflux becomes excessive, the stirring rate is
decreased to slow the reaction; caution is advised, as pressure
explosions of solvent gushing out the condensors may occur if the
reaction rate is too rapid. The flask temperature should be maintained -
-‘at about 40°C. for 30 minutes, after which the stirring may be acceler-
ated once again, The reaction mixture is stirred for about three
additional hours, and the solution will have darkened slightly due to
formation of polymeric side product. The layers are separated,
and the organic phase is washed four times with 500 ml portions of
water. The solvent is then removed, and the ligand is purified by

vacuum distillation. The bridge distills at 55°C., at Imm Hg as a

clear liquid. Use Caution: two violent explosions have occurred during



8

distiliation; in bolh instances, the solutions had an orange color just
before expleding, however, this correlation may just be coincidental.

In any case, use extreme care while distilling the product! ‘The infrared
spectrum of the ligand shows a very strong and narrow v (C£N) stretch
at 2140 czﬁ"i, with other prominent peaks at 2930 (m), 1660 (m), and
140¢ ~1 . . o

1490 (g) em 7, The 60 MHz PMR spectrum of bridge exhibits two
muitiplets infegrated in fhe ratio of 2:1, the first is a triplet of triplets
at 3.48 6 (terminal CH,), and the seéond is a complex multiplet centered
at 1.76 0 (centréd CH,). With small amounts of the material, an alter~
native, safer purification is elution of crude product with toluene over

aluminz, with pure bridge being the first fraction off the column.

1-3-diformamidopropane |

In order to develop a safer method of preparing | bridge, the
corresponding formamide was prepared, to be dehydrated and yield
the isocyanide. To 84 ml (I mole) of 1-3-diaminopropane was added
dropwise 163 ml (2.2 moles) of ethyl formate, and the mixture was
stirred for two hours. The ethanol forméd was removed by rotary
evaporation, yielding pure 1-3diformamidopropane. The product
exhibits a 60 MHz PMR spectrurﬁ consisting of a &aarp singlet at
8.10 &6, broad singlet at 7,80 6, quartet at 3.15 6, and a quintet at
1,826, integ'rating in the ratios 1:1:2:1 respectively. Attempts to
dehydrate the formamide via conventional methods such as the POCl,/
pyridine}'1 POC1,/Triethyl arnine/CH2Cli,5 —11;70C13/quinoline,18para-
t‘ohmesuifonyl chloride/pyridine all failed; however, it is very likely
that the dehydration method employing the PP113/C}I2C12/'friethy1 amine1 ’

system will work, as it was succ_e’ssful in dehydrating the very unstable

9,20
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2-formamidopyridine (see section 2).

1-4-~diisocyancbutane
B i B s W e
Method was the same as described for bridge, but used the 1-4 diamino-
butane as sterting amine. The product boils a2t 66°C. at 1.3 mm Hg as
a clear liquid whose 60 MHz PMR shows broad multiplets at 3,42 6 and

1.86 & in the ratio of 2:1.

(Bh(L-5-cyeloostadionelCl )y

This compound was synthesized without modification by the method

21
of Chatt et al.

_Ru.(bridge), (BE.),
To a solution of 1.23 g of (Rh(CGCD)C1), in 20 ml of acet onitrile was
added 0. 97 g of silver tetrafluoroborate in 10 ml of acetonitrile. The
solution was stirred and filtered by gravity to remove the siiver chloride
formed. Then 0. 94 g of bridge in 10 ml of acetonitrile was added dropwise
with stirring to the rhodium solution, Theﬂpurple powder was filtered,
washed with diethyl efl1er, and dried in vacuo%2 This salt is soluble in

acetonitrile, DMF, and DMSO. Calc: C31.78, H3.20, N14.82, F20.11
Found: C 31,62, H 3.37, N14.66, F 19.82.

ﬁm}"’(bM
" This compound was obtained by adding a stoichiometric amount of

bridge to a chloroform solution of Rh(COD)C1), and filtering the blue
precipitate, washing with diethyl ether, and drying in vacuo. Soluble

in methanol, water, DMSO, and DMF.23
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Rh, (bridge),(BPh,), + 2CH,CN
B N i S R e N W O

—~,

A stoichiometric amount of Na BPh, in methanol was added to a
methanol solution of Rh, (bri.ﬁge}gl‘lz . The purpie solid was recrvstallized
from acetonitrile, Calc: C 66,37, H 5,41, N10.75 Found: C 65.59,
H5.49, N10.24, p(C=N) at 2172 cm™t as a KBr pellet. 60 MHz PMR:
~ broad multiplets at 3.78 ¢ and 1.98 6 in a 2:1 ratio in d6 DMSO (peak
due to acetonitrile was also observed. Soluble in acetonitrile, DMSQ,
acrylonitrile.

Other salts made included Rh,(bridge) X, where X= NO,, PF,, Br, I,

Cl0,, Tosylate, but none of these were more tractable than the ones above. \

(Rh, (bridge) L) (L),

SN

This complex was prepareq by addition of I, to a warm acetonitrile
solution of Rh, (‘briﬁge}_‘l(BPh‘;)z. The product was isolated as red crystals
on cooling. Cale: C15.04,H1.50,N 7,05,1 63,55 Found: C 15, 82,
H1.65, N7,09, 162.22 p(C=N) 2227 cm"l as KBr pellet. No EPR

spectrum was observed.

(Rh, (bridge) Br,) (Br,),
Synthesis was as for I, adduct above, asid cooling the solution gave
yellow crystals. Cale: C19.67, H1.98, N 9.17 Found: C 19.97,.

H1,93, N9,06 v(C=N) 2230 cm“1 as a KBr pellet.

(Rh, (bridge),Br,) Br, - 2H,0
MWWV\M-’W/\MN\/\ . .
A solution of ha(bridge)4012 in concentrated aqueous HBr was

photolyzed (A >520 nm). Yellow crystals were isolated from the solution
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aiter ten hours of photolysis with a 150 watt tungsten light bulb, The
spectral properties are identical with the (Rh, (bridge),Br,)Br,), sample
prepared thermally as above, Cale: € 25.61, H3.01, N 11.95, Br 34.08

Found: C 25.71, 1 3,04, N 11,90, Br 34,00

(Rh, (bridge), (CH,) (1) )(BPhL,), - 2CH,CN

L e

s o W W W A i W R S N e P s P ¥

A stoichiometric amount of CH,I was added to a solution of Rh, (Bridge),
(BPh,), - 2CH,CN in acetonitrile. Upon slow addition of diethyl ether,
reddish brown crystals were obtained, filtered, washed with diethyl
ether, and dried in vacuo. Calc: C 60,66, 5,09, N 9.69 Found:

C 56,74, H5.08, N9.20 v (C=N) at 2183 and 2212 cm™" as a KBr

pellet. The 60 MHz PMR exhibite broad multiplets at 4.08 6 (terminal
CHZ), 2.18 & (central CH,) and a doublet at 1.38 & (CH, coupled to spin %
ngh nucleus). Peaks were also observed for the acetonitrile and

tetraphenylborate protons., Integration of the resonances verified the

structure as formulated,
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Results and Discussgion

Biectronic Properties and Oligomerization Reactions
SN NN TN NS NN B W T e W B N N

B A AN A AR R PR AR RN
The rhodium (I) isocyanide monomers have been known for some
time, and their chemistry has been studied by several investigators. ’
One of the most interesting characteristics of these compounds is
their tendency to associate in solution and form long chains of monomers
stacked in a face~to-face fashion, These reactions have been studied
by Mann and Gray; however, the oligomers detected spectroscopicaily
were never directly isolated {from solutiorﬁAThe purpose of synthe-
sizing a rhodium (I) isccyanide dimer was to model the properties
of the oligomers previously cbserved, and to relate the properties
of this discrete dimer to the dimeric species formed by monomeric
association equilibria.
To this end, the ligand 1-3-diisocyanopropane was synthesized R
as the three methylene bridge would be long enouAgh to easily bind
two rhodium atoms, yet short enough to évoid chelation to one metal
center. When the ligand is added to solutions of (Rh(l-5-cyclooctadiene)
(CH,CN)), (BF,), in acetonitrile, a deep blue solid of the rhodium dimer,
Rh, (bridge),(BF,), is obtained. As steric considerations rule out
bidentate coordination for the bridge ligand at a single rhodium center,
we assume that the structure of ha(bridge)fJ’ is as shown in figure 1 .
The electronic absorption spectrum Qf this dimer shows a
striking similarity to the equilibridformed dimeric spevcies previously
studied, with intense bands at 318,343, and 555 nm in methanol
solution. In order to understand the similarities of Rh,(bridge)f"’ to
the other monomeric and dimeric spécies, we must appéal to molecular

orbital theory. A simplified energy level diagram for a monomeric

a8 Rh(CNR)4+ complex has been formulated previwsly,5 and possesses
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L. . 2\

‘he orbital energy ordering of (x (%7, y% 127 < 7wk

the orbital energy ordering of bzg( )<eg (y?,gf:)<alg(ca ) \3”211(” )
Ly

<‘b1g(}&'ﬁ2 -~y2“') . As we bring two monomers together to form a dimeric
unit, either through equilibria or by use of bidentate ligands, the orbitals
which interact the most are the aig(dzz) and the A9, (r*) orbitals,

Both these orbitals are perpendicular to the mol.eculaf ptane, and
therefore will have high overlap as the Rh-Rh distance decreases,
Forming molecular orbitals for the dimer involves taking symmetric
and antisymmetric combinations of each of these orbitals, leadiug to
bonding and anfibonding combinations, as shown in figure 4 with the
proper D-fih egymmetry labels. As both components of the monomeric
a-ig ‘( dzz) orbital are fully occupied in the dimer, tiher'e is no direct
gain in stability due to this splitting. However, the A9y LUMOQO in

the monomeric species also splits into alg and g, COmponents, and
interaction of these orbitals with the Ial o and lazu orbitals stabilizes
the latter, resulting in a bonding situation for the dimer. These
bonding interactions must be fairly substantial, as they are able to
overcome the unfavorable coutombic forces between cationic units

as well as the repulsive Pauli exclusion paii*~pair effects of bringing
together two fully occupied orbitals.

As the pair-pair repulsions mentioned above might be fairly
substantial, an argument may be advanced that the above MC formulation |
is incorrect, and that in actuality, the splitting between the two lowest
levels is so great that the Zalg orbital is actually lower in energy than
the 132\1 level, resulting in a configuration in which all four electrons are
in "bonding" Orbitalé, ] alg)z-(Za‘l g)2 . However, this formulation
predicts that as the bond length is increased, the repulsive interactions

should be minimized and the lowest transition should red shift. This is
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in contrast to the ﬁrsf; formulation, which predicts a blue shift of
the low energy band upon bond lengthening., As can be seen for the
series Rn\CNR) 4 » Where R=l-butyl and iso }:ampyll, decreasing
the steric interactions (presumably leading to shorter Rh-Rh bhond
lengths) results in a red shift of the lowest energy transition, in
contrast to the latter MO formulation. Ifurthermore, for therigid
dimeric complexes of Rh?(‘o'f:ﬂ'x}ge)q24 and Rh, (CN(CH,) NC)42+ , the
latter compound containing one addifional methylene group in the
bridging ligand, the lowest energy transition is found to blue shift
as the bond distance is lengthen@ci,G again consistent with the first
formulation of bonding for the dimers. |

The MO analysis above indicates that the Rh, (bridge), 2+ absorp-
tion -at 555 nm in methanol may be assigned to the fully allowed 13211""”
Zalg transition. As nolted previously, this assignment is justified by
analogy to the Rh(CNPh)4+ dimerization, in which a 568 nm band is
observed at high Rh(I) concentration, and is assigned to the dimeric |
species formed by an equilibrium process. The invariance of the 318
and 343 nm transitions from the Rh(‘\’L‘Nzl‘dkjl)q+ monomers 1,’ 3,4
implies that these excitations are due to electrons not involved in

metal-metal bonding, and as such can be assigned as the lAl g—mé 1E

and Alg-—-ff‘g]j states respectively. The magnetic circular dmhrmsm
spectra of Rh,(bridge),(BPh,), confirm these assignments, showing a

B term for the 555 nm band and A terms for the 318 and 343 nm bands.
This indicates that the Ligh energy transitions lead to orbitally degenerate

3E assignments, and the

excited states, consistent with the 1E and
presence of the B term at 555 nm reinforces that assignment as a lAZu L

state,
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Table 1
Band positiong for the lowest spin-allowed transitions of

g
oligomers of the type (}:‘{i'}.(GNR);L )n .

Complex Monomer Dimer Solvent
Rh(CNt-butyl),” 371 490 1,0
Rh(CN i-propyl)} 383 495 B0

, 24 -
Rb, (oridge),”” 555 CH,0H
Rh, (bridget),* .- 542 CH,OH

bridge'=CN(CH,),NC
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- . . . 2
As might be expected from the strong interaclions of the dz
and 7% orbitals, the encrgy of the lowest transition is fairly responsive

to the distance between metal centers, and this transition energy

‘thus provides a sensitive measure of overiap and bond length. }‘Eial‘f.ﬁh7
has cmmm ed this hypothesis, showing that there exists a si«‘uag
correlation between bond length and the energy of the lowest absorption
band in a large variety of rhodium(l) dimers. Since the Rh(CNPh),(BPh,)

p

complex is found to crystallize as discrete dimers in the solid state

with 2 rhodivm~rhodiuvm bond length of 3,18 A comparison of the

band energies of 565nm for (Rh(CNPhY,), Versus 555 nm for Ri*j?(br;{dlge)é{z4
leads to a prediction of about 3.2 fi for the rigid dimersf; By simpie
Huckel theory, the energy of the lowest transition is 28 , (where B=

By, F ﬁ'azu) yielding a g of approximately 8100 em™t for ha(bz*i.dge)42+
comg;,wred to about 5500 cm -1 for equilibrium-~type Rh(CNAlkyl) 4+)2

3

dimers, Thus, the higher B for the rigid dimer again reflects the
strong coupling present in this system due to the steric constraints
of the bridge ligand.

Unlike the monomeric rhodium iscc‘yafnide complexes, the
Rh?_(bridge).42 " jon exhibits strong emission in fluid solution at room
tempe}?ature. Excitation into the lowest energy absorption band of
Rh, (bridge),(BPh,), leads to intense luminescence with an undegassed
quantum yield of 0.056 + .01, This quantum yield is about 20%

2+ .
+ ion at room-

greater than that of the highly emissive Ru(bipy),
tem}jerature in fluid solution?’ml"he large overlap and small Stokes
shift of the emission and absorption bands suggest that the excited
state reached in absorption is also the emissive state. As the 555 nm -

absorption in ha(‘bridge)}+ has been assigned to the electric dipole
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Note.the similarity of the dimer band at 568 to the
spectrum of ha(m idge),CL, in Figure 2.
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(i azuw.»f??:z, q W) trapsition, the emission at 658 nm
o
1

ig therefore attributed to prompt flourescence which is "Aq -2 A
2u i

»

1 i,
. T O e oy
allowed Aj o 4 B.Zlu

o
o

5 A - . i1 . 2'! .
(2a, _-v la, jin nature. Excitation of Rh, (oridge),” " also gives loug ~
lived transient absorption, which is logically attributed to the triplet
state ( Am) associated with the Ta, -+ Zaig excitation, A detailed

L . . s 2. o
study of the excited state properties of Rh,(bridge), " and the Rh(CNR),),
dimers has been completed, and contains further information on

radiative decay pathways in these 'systems.ll
Since the interactions between ha(‘briu‘?lge)f“L dimers should be
comparable to those in the Rh(CNR)Z’ monomers, it is reasonable to
expect that ha(bridge)f"’“ would also show a tendency to associate
in solution. Electronic absorption spectra for three concentrations
of ha(bl*idge)4Clz in methanollgfre displayed in figure 8. The concen-
fration dependence of the absefpti.on spectrum may be interpreted in
terms of the following oligomerization equilibria:
D= Rh, (bridge), 2
K, K, K, Ki-1
2D=D, 3D=D, 4D=D, nD =D
As the solution becomes increasingly concentrated, principal low
energy bands appear at 778, 990, 1140, and 1735 nm, in addition to
the 318, 343, and 555 nm transitions assigned to the dimer itself, |
Detailed studies of the concentration dependence of these spectra
reveal that plots of Agcovs \/K’?'?B and Agpversus VRgqq are straight
lines, indicating that the bands at 77:8 and 990 nm may be assigned to
tetrameric and hexameric Rh(I) species. The bands at 1140 and 1735 nm
are present on'y in the most concentrated solutions, and are logically

attributable to higher oiigomers (n>3). The observed spectroscopic
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Absorption and emission spectra of

Rh, (bridge),(BPh,), in CH,CN.
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Table 2
Absorption data at 555,778, and 890 nm as a function of
Rh, (bridge),Cl, concentration in CH,OH.

_Cle/) A Aoy Agog
10 35,97 81,75 79,40
. 84 29,24 48,47 38. 09
.30 18,01 15,20 ' .01
.04 14,97 10,29 4,21
.52 9.82 2.34 0.58
.13 1.76 0.00 . 0,00

~3

QO O = =20
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Figure 9
Plot of the square-root of tetramer absorbance vs.
dimer absorbance as a function of concentration.
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dimer absorption as a function of concentration.
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behavior of the Rh,(bridge),” " oligomers accords with the simple MC
theory previously vpresented. Aualysis of the tetrameric Kh({I) units

24 .
similar to that carried cut for Rh,(bridge},” ilself suggesls that the

778 nm band be assigned to the 232‘1_*“*33,1gf:ransition, the hexameric
Rh{I) absorption at 990 nm is assigned to Sa.zu——“'éai ., and the band
at 11%0 nm may be attributed fo uaz “*5&19) in an octameric species.
With a reasonable choice of extinction coefficients for the
tetrameric and hexameric rhodium(l) oligomers, approximate values
of the equilibrium constants for asscciation may be obtained., The
equilibria as defined above and a mass balance on rhodium yieid4that

a . s VA 10 € : . . e 3
the slope of Ay vs » ADz equals ﬁ? ., , and the slope of Ay vs fADS

equals 37-%)}{26 - Using the CD of 14, £00 obtained for €455 10 dilute
solutions of an\» ’dge)é(BPhQZ in acetonitrile, as well as values of

GD (29,000) and €p, (43,500), allows the calculation of K, and K,.

These values for the extinction coefficients of the higher oligomers

are justified by several previcus studies, in which it has been empirically
established that the extinction coefficient of oligomers is ioughly
proportional to the degree of associationé“g'rhe approximate values

~1

calculated for the equilibrium constants are K;=524M™" and K,=265 M"l,

which are found to be similar to those for the monomeric associations.
Simple Huckel theory predictions for the energies of the oligomer.

orbitals is exactly analogous to that used in analysis of 7 systems

of conjurraf'ed linear olefms.‘1 3'I‘a,l«:inrr the combined splitting of the

g (dz Yand a. (7*) orbitals between dimers as B, the Huckel

2u
predmtwns for energies of the lowest band are ED = E +B, ED =
3

p* Q'“"”B wheer E(la2 2alg) For B=

Ep + V28, «D4= E
5500 cm”l, theory and experiment agree quite well as shown in table 3 .
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The broad absorption centered at 1735 nm (5760 mﬁmi) and present
only &l the highest concentrations probably represents overlapping
bands due to bigher oligomers (n >4), as the calculated limit for

: , -1
n=o is ED + 2B, or 7000 em .
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Table 3

. . . . . 2+ .
Calculated transition energies for Rh,{bridge), )n from
Huckel theory.

. -3
Assurned g value for 8 of 05060 cin 7,

1 e 18,000
12,500 | 12,820
10,220 10,080

9,100 8,770

" a 1 a
n__ . Caiculated Energy = - Observed Energy”

D D2

.. -l
a) all energies inem .



In addition to the unique electronic feature s which are a commé;uence
of the strong coupling belween metals in h, (‘;ns‘fi.dge)f‘»+ﬁ the orbital
interactions in the dimer also promote unusual redox processes not
found in monomeric or weakly coupled dimeric gystems., A prime
examule of this coupling is the cxidative addition of molecular halogens
acrose the rhodium-~rhodinum axis, resulting in the trans dirhodiom(I1)
adducts RhZG‘)ridge\i'}i??’ T (X=C1,Br, 1) with halide atorms occupying
f};iél positions and formation of a metal~metal bond between the rhodiums.
This new type of two-center, two electron oxidative addition process
is in sharp contrast with the conventional one center oxidative additions
common to most square planar g systems (including the RR(CNR),”
moncr.oe}fs).1 “The oxidative addition reactions undergone by Rh, (bridge) 42”"
are wide and varied, and substrates include CL,, Br,, I,, CH,I, C,HI,
NO, P(OCH,),, methyl tosylate and O,(weakly). Shortly after the
communication of this redox system, similar two-center oxidation
processes with halogens have been found to occur on a variety of dimeric
rhodium(D) systems by other wo*rkerslff and it appears that the reactions
may turn out to be quite general in nature and not restricted merely to
rhodium systems.

Upon addition of X, (X=I, Br, C1) to solutions of 1¥h3(bridg§e)42 *
striking changes take place in the electronic absorption spectrum.

These changes are similar for all the halogens; however, due to ease
of handling, most of the results to be discussed below were obtained
for the I, adduct.

As shown in figure 14,when 1, is added to dilute solutions of Rh, (bridge),

(BPh,), in acetonitrile, pronounced spectral changes are observed to
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occur until two equivalents of 1+ have been added to the solution,

The oxidative adduct formed at this endpeint containg two Rh(I)-1
units connected by a single metal-metal bond., The infrared spectrum
of a KBr pellet of (Rh,(bridge),L)({I,), (the product is isolated as a

triiodide salt resulting from I, oxidation of BPh, ) ekhibits a single

C =N stretch at 2227 cm"j‘, indicating trans I-Rh-Rh«I stereochemistry,

e

and the higher v (C=N) frequency observed for Rh, (bridge) 4122+ as

compared to that of Rh, {bridge)qz *is consistent with the formulation
as propocsed above, |

The e‘iebtronic absorption Speétra of the oxidative addition adducts
may be interpreted in terms of our previous MO formulation of the
metal-metal interaction in Rh, (’bridge)} *. Upon oxidation, the two
electrons in the antibonding 132 u orbital are transferred to the two
iodine atoms to vield two I~ gréups and a Rh(I)-Rh{IT) bond with the
configuration (iaig)z, The electronic absorption spéctrum of
ha(%'midge)é}izzJr in acetonitrile solution exhibits intense bands at
465 nm(e=23,000) and 397 nm (e=62,000). The very intense 397 nm
band is logically attributabie to the og-o* transition (1 ay g“, I'azu) in
the Rh(II)~Rh(II) singly bonded species, as intense o+0* bands in this
energy region have been observed for Mng(CO)'Ié as well as numerous
othér d'-d' metal-metal- bonded systems;m’l‘he band at 465 nm
could be due toc one or more d7e g* (lazu) transitions; again by analogy
to Mn, (CO)IO . The intense bands in the corresponding bromo- and
chloro- adducts presumably represent the dw-o* and ¢+0* transitions
in {hese adducts,  The small blue shift in the position of the lalg-alazu
transition for the series of Rh, (bridge),L>* to Rh, (bridge),Br,? ™ to
R112(13z~idge)4(?122+ is consistent with some fractional charge transfer

character, as it is reasonable to expect that the lalg orbital will be
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delocalized to some extent over the entire X-Rh-Rh-X framework.

When the I, oxidation was performed at high concentrations of
Rh?(bridge)42 +, a green intermediate species was observed with a band
maximumat 626 nm. The concentration of this spe«cie‘s maximized
at the stoichiometric ratio of 2 Rh, (bridge) 42 *to one I,, and unlike
ha(hri.dge)42+ and Rh, (brh:%ge)ﬁf * the absorbance due to this inter-
mediate did not follow Beer's law. Rather, detailed concentration
dependences as shown in figure I6indicate that the concentration of
~this intermediate is proportional to the square of the Rh, (bridgg;e‘)42 *
concentration. The green species is therefére logically formulated

L L

as a partially oxidized dimer-of-dimers, e.g. I-Rh'-Rh
Similar behavior was observed for the Br, oxidation (but not for the
Clz reaction), yielding a species with A max of 597 nm in DMT solution.
For both these reactions, the intermediates are not isolatable, as
they disproportionate to startihg material and final product upon
attempted precipitation. Certainly, the available spectral data are
consistent with the proposed formulation, however, we may not conclu-
sively r‘ule out the possibility of a bridging I” moiet‘y or some ocher
partially oxidized structure for this intermediate.

-One of the most interesting features of this oxidative addition
with halogens is the facile thermal reversibility of the Br, and Cl,
adducts. When solutions of ha(bridgeLLBrzz'lL in acetonitrile or DMF-
water mixtures are heated, complete conversion to Rh, (bridge)42+ is
obtained, and the unoxidized material may be recovered by precipitation
or quantitavely reoxidized upon further addition of bromine. Similar

behavior was observed for the Cl, reaction, and in both cases the

reactioxi may be cycled several times without detectable loss of material.
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The anomalous behavior exhibited by the irreversibility of Rh, (brcidge)ﬁgz*'
is interpre’ced as the inability to rapidly purge the Soiutiéns of I,, but
boiling of solvent is sufficient to assure that Br, and Cl, will escape
from the solution before reoxid izing ha(br‘idge)ﬁ . .The L, irrever-
sibility also reflects an increased stability of ha('bridge),il'zz”I“ over the
bromo~ and chloro- adducts, as would be expected for addition of
softer ligands to a soft rhodium(}:)bcomp‘ze}:ﬁ

In order to gain additional stereochemical information and greater
spectroscopic prokes into the mechanism of oxidative addition, the
‘oxidation of Rh,(bridge) 42 *with an unsymmetrical add’uéiz, methyl iodide,
was investigated., Facile oxidation of acetonitrile solutions of the
Rh, (bridge),(BPh,), complex may be accomplished be addition of
methyl iodide, which leads to an adduct which may be isolatéd as
reddish brown crystals by slow addition of diethyl ether. This reaction,
like the Br, and Cl, oxidations, is also thermally reversible under
mild conditions, and exhibits similar cycling properties upon the
thermal purging of methyl iodide from the sol.ution,- The 60-MHz
PMR spectrum of this species in DMSO exhibits broad multiplets at
4,0,2.1, and 1.3 & (in addition to the tetraphenylborate, water, DMSO,
and acetonitrile protons). As the resonance at 1.3 ppm does not
correspond to any feature in unoxidized Rh, (bridge)fJr 6r CH,I, it
is therefore attributed to a methyl group bonded to rllodium, Other
examples of proton chemical shifts in similar monomeric systems also
occur in this same vicinity. for a variety of metal-CH, adducts. Further-
more, the obgservation of a 1-2 Hz splitting of this resonance into a

103

doublet attributable to coupling with the Rh nucleus confirms the

assignment proposed above.
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The infrared spectrurm of the methyl iodide adduct exhibits two

v (C=N) stretches, as expected, both intermediate in position between
b i
oy ?,'—{ ~1 . 2 + T six
the bands in Rh,(bridge) I,”" and Rh,(bridge),” . These positions are

consistent with one Rh(I)~like nucleus (bonded to I ) and one Rh(I)

type center (bonded to CH,), as is expected for the trans stereochemistry.
Although the infrared spectrum of Rh,(pridge),(CH,) () " shows
. . 2. -
characteristics intermediate between those of Rh,(bridge),1,” " and of

mlzﬂoridge)f * the electronic absorption spectrum of Rh, (bridge), %'CHB)(I)Z *
closely resembles that of the diiodo adduct, and exhibits bands at 397 nm

and 470 nm in acetonitrile solution. These transitions are logically
assigned to the o+0* and dr+0* trans , by analogy to the Rh, (bridge), z,2?+
adducts. The strong resemblance of the lexz(bridge)4(CH3)(I)’ adduct
to Rh, (bridge) 412-2+ in the electronic absorption spectrum is again
consistent with. the 1 algwlazu' transition possessing some charge
transfer character due to mixing of I" p orbitals along the Rh-Rh axis,
There has been much interest in the mechanism of oxidat’ive
addition, and several theories have been proposed to explain the data
for the one-centered aczchtmnsw OPelhap tﬁe most perplexing result
is the wide occurrence of trans oxidative addition, both in monomeric
and dimeric systems. Even with highly hindered macrocycles in
monomeric systems, where a concerted addition or any type of intra-
‘molecular rearrangement may be ruled out on the basis of steric
factors, exclusively trans addition is founad to occur. Furthermore,
in m‘éthyl iodide additions where excess labelled I” is present,
inclusion of labelled iodine is found in the final oxidative adducts,
Due to the modest rate of reaction and large changes in the visible

absorption spectrum, the oxidation of Rh, (bridge)‘lz * with methy! iodide
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is ideally suited for spectroscopic study with a stopped-flow apparatus.
To this end, several kinetic measurements were made on a rapid
gcamning specirometer type stopped-flow apparatus, which allowed
cantinuous monitoring of the entire visible spectrum. Rate data obtained
in this fashion was. for the disappearance of Rh,(bridge) 42 +, which
was monitored at several wavelengths around 555 nm. Undef seudo-
first order conditions in methyl icdide, the reaction is found to be
strictly first order in Rhb, (bridge)éx?”" for almost the entire reaction
pericd, deviating only slightly in the final meges of sampling. These
first order Rh, (?31"i.dge)42Jr dependences were maintained over a wide
range (factor of 100) of methyl iodide concentmti.ons, with no apparent
deviation even if the methyl icdide concentration is only a factor of |
five greater than the Rh, (bridge) 42+ complex. |

In order to determine the secend order rate constant, a plot of
methyl iodide concentration versus the observed raﬁe constanf was
made; however this plot did not dispiay the straight line expected for
simple csecond order killetics. Rather, the rapid saturation indicated
the possible coperation of a pre~equi1ibriufn mechanism, and the appro-
priate MichaelisnMeﬁten plot of inverse methyl iodide concentration
versus the inverse of the observed rate constant was made. Again, no
. linear dependence was found, with the data deviating from linearity
both at high and low concentrations (the curve actually looks as though
it has two inflection points,). |

The approximate second order rate constant obtained by least-squares

fitting of the data in the Michaelis-Menten plot is 3.67 ML sec™l.

This rate compares favorably to rates of between 10_2 and 10-3 found 14

for similar oxidative additions of methyl iodide to monomeric systems.
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m

Figure 20

Typical spectral kinetics data for the addition

of CH,I to Rh, (brid

ge),(BPh,), in CH,CN.




Figure 21
Typical plot of decay of dimer absorbance at

585 nm ves. time.
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urther kinetic studies m::r“a ¢ that the rate of ethyl iodide addition

Y

to Rh,(bridge),” " is comparable to that of methyl iodide, and that
methyl tosylate reacts extremely slowly. As the methyl tosylate
data preclude the operation of a nucleophilic attack cn carbon, it is

uspected that the initial step involves rhodinm attack on a heavy

~J

atomn in the substrate, yielding Rh,{bridge),I” T and methyl radicals
in the case of methyl iodide. Certainly a free radical mechanism

is suggested by the data presented, however me nature of the inter-

mediate is still speculative. Other possibilities consistent with the
. T3 1 I I T oI L _
data could include the I-Rh -Rh -Rh -Rh™ -1 species postulated as

the stable intermediate in the I, oxidative addition, or a cooperative
mechanism in which one metal center assists the other in the oxidative
addition process: however, at this time, there is no basis for favoring

any of the posgible alternatives as probable m*fermedlates
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Protonation Reactiong
PEP TP AP AR S

~ Although uncoordinated isccyanides are quite unstable in acid
fsohﬁ:"}on%i coordinated isonilriles exhibit exactly the opposite behavior
and arestable at low pH but generate carbene complexes in neutral
or basic solutions. Rhodivm(l) isocyanide complexes are no exception
to ‘this‘ rule, and ars almost indefinitely stable in aqueous acid, While
the rhodium ({) monomers exhibit no detectable chemical or physical
changes in strong acid, -dramatic effects are found to occur when the
rhodium dimer Rh, (bridge) 42+ is dissolved in agueous acid. Surprisingly,
the Rh, (bridga)f';" dication acte as a base, and reversibly binds protons
in both aqueous and non-aqueous media. Due to the isocyanide ligands
pushing electron density onto the rhodium atoms, the metals in the
dimer are probably electron rich (at least for rhodium(l) ) and might
be reasonable bases., Fuarthermore, the polarization of electrons out
of the center of the dimer causes increased electron density on the ends
of the molecule, which also may contribute to the strong basicity of
the comple};; It is noteworthy that none of the equilibrium dimers
formed by oligomerization of Rh{CI\H?’L);r monomers show any affinity
for protons, and in this respect the ha(bridge)42+ dimer is truly unique.

Due to the instability of coordinated isocyanides under neutral or

basic conditions (the half-life for Rh, (bridge)42+ at pH =7 is about thirty
minutes), a full acid-base titration curve could not be obtained in
aqueous solution. The stoichiometry of the protonation reaction was
dete_rmined by monitoring the changes in pH when a known amount of
ha‘(ln‘idge)qz*' was dissolved in slightly acidic solutions. The data,
summarized in table 4 , indicate that the dimer picks up one protcn

in slightly acidic media. Though the equilibrium constant cannot be

determined by this method, the observation that the ha(brii:lg;e)f+ ion
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Tabie 4

* Table d pH changes observed upon addition of fixed amounts
of Rh,(pridge),(BF,), to aqueous solutions.
Tnitizl pi Final pH Theoretical Final pli®
3.88 4,10 4.14
3.75 3.85 3.85

3.75 3.99 4.02
3.77 3. 87 3. 89
3.77 4,12 4.21

a) Based on one proton per dimer, and using ¢(DH)=52,000.
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is about 50Y% in the protonated form in pure waler indicates that the
pr i in the range of 6 to 7. Due to the striking spectral changes
that occur on protonation (discussed in detail below), the stoichiometry
could be checked by using the complex itself as an indicator. This
spectrophotometric titration of Rh,(bridge),(BT,), with para-tolunesulfonic
acid in aceétonitrile again verified the stoichiometry as one proton
consumed per dimeric unit, as the proton balance in the spectrophoto-
metric titration eliminates the possibility of gny further protonations. 22

Although the above chemical evidence definitely indicates that the
dimer is irideed binding a proton, no proton NMR or infrared peaks
have been found that are attributable to a metal-hydride bond, nor are
there any spectral indications (except for the electronic spfsectrum as
dlscussed below) that the ligand is not being protonated. Extensive
Fourier tranaform 100 Mz PMR spectira were obtained for DMSO
solutions 2:1 in para-tolunesulfonic acid to Rh,(bridge),(B¥,), , taking
over 10,000 transients over a range of 60 ppm, and no resonances
attributable to any type of proton bound either to the metal or ligand
were observed. The bridge ligand resonancesthemselves were similar
to the unprotonated species but had slightly different chemical shift values.
This verifies that some sort of non-destructive chemical change is
occurring tc the complex; unfortunately, it obvicusly does not provide
any additional structural information. |

‘The protonated species may be isolated by precipitation with CI o, ,

-

CH#COO", PF,” and other anoins, however, each of these salts yield
irreproducible analyses and are undoubtedly impure. Efforts to purify
the compound by recrystallization have failed; also the compounds bind

irreversibly to all columns tried including alumina, silica gel, and
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Titration of Rh,(oridge),(BF,), with para-
tolunesulfonic acid in CH,CN.,
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: - Table 5
Data for Non-agueous titration

Equivalents H % as unprotonated form % as fully protonated form

0 100 0

0.512 7.6 : 15.8
0.76¢ 34.1 47.3
1,025 11.0 3.7
1.281 2.5 91.5
1.538 : 0.7 95.6
2.0561 0.0 100.0

The unacceounted rhodium was assumed to be the intermediate species
absorbing for a portion of the titration at 780 nm. (see footnote 22).
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Sephadex G-10. These salts do redissolve to yield the correct absorption
spectra, however their purity remains a serious problem. The infrared
spectra.as KBr pellets and MNujoi mu‘s}f" of the above salts, while
hardly definitive, might provide some useful information: the v(C=N)
st ret ching region shows one sharp band with a definite shoulder on
- the high energy side, and there are no bandg attributable to modes
corresponding to M~C=NHR functionalities, Furthermore, there are
no band shifts upon deuteration which are not attributable to water
stretching or bending modes. An indirect argument as to the location
of the proton is that the Rh(CNR) 4+ monomers do not react with strong
acid, and this implies that the protonation is probably occurring at
the metal in the dimer. All the evidence to date as to the location of
the proton is indirect at best, and this issue is certainly unresolved
at the present time (although chemical intuition, for all that it is worth,
says that the proton is bonded to the metal).

The electronic spectrum of ha(bricige)42+ shows drastic changes
upon protonation. The high energy (30,000 cmmi) portion of the
spectrum changes completely, while the low energy band does not
shift 'much but shows over a threefold increase in intensity in acid
solution. The spectrum is slightly anion dependent, however the major
changes are observed only upon the addition of protons. The data
summarized in table 6 show that the main spectral features are
retained in all acids, and the anion dependeace acts as a slight pertur-
bation on the electronic structure. Jobe plots to determine anion
stoichiometry hdire been performed for the case of chloride, and these

results indicate one anion is strongly associated with the protonated

‘dimer. The anion dependence is logically attributed to an axial
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Figure 24

Electronic absorption spectrum of

ha(bridge)f”“in 9 M HBr.
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Tabie 6

Band raxime variation with anions

Band Maximum Acid Solvent
608 Tos DNSO
592 HBr B0
592 HBr CH,CN
578 HC1 H,0
578 HC1 CH,CN
551 Tos CH,CN

Tos=para~tolunesultonic acid-1 H,0
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perturbation of the do Rh~Rh system, ard from the data obtained we
can establish a spectrochemical series for anion binding to protonated
Rh, (brid ge)dz ' as follows:
DMSO < Br~ < Cl” < CH,CN.

The similarity of this low energy transgition to the 1a,1g-~ Zaig
MLCT transition in Rh,(bridge) 42' ", the intense blue color of these
complexes, and the facile deprotonation with base are all strong
reasons as to the formulation of these species as protonated rhodium(I)
compounds rather than rhodium (I0I) hydrides. To a certain extent,
this counting of electrons is arbitrary; however, the principal electronic
absorption of the protonated species is very near that of Rh, (bridge)42+,
indicating a relatively small electronic perturbation has occurred upon
protonation., In contrast, the related._oxidative addition product of
Rh, (bridge), (CH,)(I) exhibits -its intense absorption at much higher
energy and resembles Rllz(bridge)4122+ in its electronic structure. A
similar protonation has been observed by Shav\-v23 for RhCl, (PButPrnZ)2 p

which binds one proton to form a blue square-pyramidal-type complex.



Photochemistry
ﬂw./\/\?\.

P W
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The methy! iodide oxidative addition product, (Rh, (bridge) (CH,) )
(BPh,), , undergoes an interesting photochemical reaction whe
irradiated with visible light (=310 nm). Preliminary investigations
indicate formation of the green partially oxidized species observed
in I, oxidation of Rl (bridge), 2+ and postulated as (Rh,(bridge),I), 4+, with
subsequent formation of Rh, (bridge)42+ upon further irradiation,
However, conversion with broad band irradiation is not clean, and
the wavelength dependence of this photochemistry needs further
- investigation.
In contrast, when Rh,(bridge) 42+ is dissolved in concentrated
agueous HBr or HCL, the blue protonated species previously discussed
is immediately formed., Photolysis into the low energy intense bands24
(either 546 nm light, or simply using a 520 nm cutoff filter) in degassed
solutions leads to clean conversion to the ha(bridge)ggz"l' species
previously prepared by thermal oxidation of hafbridge)ff * 25.;‘.r,The
spectral changes during the photolysis are shown in figures %5 and 26
The reaction stoichiometry was verified to correspond to an ovérall
two electron oxidation by monitoring the pH changes in undegassed
acid during photolysis. These experiments indicate that the overall
change from Iﬁlz(bridge)42'*' to Rh, (bridge)4X22+ is 2.04 + 0,05 electrons, as
expected, while also verifying that one proton is consumed in the
reaction of Rh, (bi'idge)4(H)) 3+(X") to ‘Rh, (b]t'iclge)415{22 * Furthermore,
the lack of H, production upon dissolution of Rh, (bri,dge)4z+ in degassed
12 M HCI indicates that all the redox equivalents must be accounted

for by species in solution, and thus verifies the overall charge of

the protonated species as 3+.



0.8
o 0.6
Q
[
o
0
&
0 0.4
q .

0.2

A (nm)—-s

Figure 25 S D
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Although quarztﬁm yield data indiéate that the undegassed photo-
reaction corresponds to the reduction of O, to H,0 (table 7)), degassed
photolyses lead to production of hydrogen gas. ‘This gas was coliected
by Tﬁep}..er pumping and verified as I, both by burning over CuC and
by mass spectroscopic analysis. In a typical experiment, conversion
of 0,0567 mmol of (Rh, (bridge),i(ﬁ)‘;g"L(C"i"") in 12 M HCI solution by
irradiation at A =520 nm yielded 0. 0466 mmoi of H,. The photoreaction
is therefore formulated as follows: |

(R}g(*aridge)ﬁ)f*‘(czf") + HY £ €17 — _g ml »  Rh,(bridge),Cl,
(blue) S (yellow)

2+

+H,

The quantum yield of this reaction is highly anion dependent,
changing from 0.0 0t in 12 M.HC1t0 0.04 in 9 M HBr. This is
consistent with a mechanism in Which»axia?. inferactions are necessary
to stabilize the photoproduct Rh, (bridge) 4X‘22 * It is attractive to
postulate that the axial binding serves as a barrier to back electron
transfer and forces the two~»eléctr0n photoreducti.on process to
completion. Thﬁs, it is proposed that the }photoreaction occurs by

the pathwéy shown below:

( (Cl“)RhIE*'"“RhIE(H*—) )24— 546 nm N ( Cl'"RhII—-'“RhI(H') )2+
( cl-Rh-e-mnl@ )2 —fast o cr-rnlorntiE) 2

(cr-rnrnTE@))2* Lo + 17 _fast , (cl-ma-me'c)®* 4 m, + oH”

It is believed that the primary photoproduct arising from the Rh dzz;'; H 1s
charge transfer excitation acts as if it were an activated hydride, e.g.
LiH, NaH, etc., and will rapidly attack }Lpto'transfer»the first

electron. However, without some method of inducing the second electron
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Table 7

Quantum yield data for acid photolysis of Rh, (bridge), "

All quantum yields are with 546 nm irradiation, .

- _Acid . Concentration (M) & Degassed
HC1 1.20 | 0. 032 N
HC1 1.09 0.031 N
HC1 0.11 . 0.028 N
5193} ©0.012 | 0,011 N
HC1 12,0 | 0.002 Y
HBr 9.0 0. 041 Y
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to leave the metal, back electron transfer will cceur, resuling
in no overall reaction. Cther systems with similar photoredox
properties are found to undergo only one electron transfer unless
- some perturbation (usually in the form of a halide entering group)
is present to induce the second electron transfer process., Thus,
the axial stabilization provided by the entering halide ion is viewed
as essential to the completion of the reaction, as without this stabili-
zation there would be no facile mechanism for an efficient two-electron
transfer process.

The photoreaction is uphill, as is evidenced by a slow thermal
~ back reaction of Rh, (brmge)qcizz* with H, in HC! to yield Rh, (bridge),(H)°F
Thus, this photoprocess could play a vital role in an energy conversion
scheme, as it might be coupled with a process capable of oxidizing
water to O,. This would yield an overall decomposition of water into

the storable energy sources of hydrogen and oxygen: H,0(1) by +  H,(g)

+ 0,(g). Preliminary experiments with such an oxidant have been
carried out and seem to be very favorable. The scheme under

study involves the use of a polycrystalline 5?102 electrode, which

has been shown to be capable of oxidizing H,O to O, upon irradiation
with 366 nm light.z7 This oxidation process is achieved by photochemical
excitation of an electron from the valence band of the material into

the conduction band, resulting in a separated "electron-hole''pair (figure 27 ).
With TiO, as the eleétrode, the electron hole in the valence band has
the potential to oxidize water to yield oxygen, while the electrons
excited into the conduction band flow through an external circuit,
yielding the overall redox half-reaction:

TiO, + H,0 —My TiO, + 1/2 O, +2HT 42¢”
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Figure 27 . ,
Ideal energetics for a TiQ, photoelectrode,
‘Electron heles ih the valence band-should
be capable of oxidizing water, while the
electrons in the conduction band should be
able to regenerate the photoactive metal, .
complex,
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This reaction may be éoupied to the Rh, (bridge) 42+ photolysis
in acid by use of the homogenous-heterogenous system depicted in
figare 28. On one side of the diffusion barrier, TiO, is irradiated
}to produce O, and result in a current flow as described above, In
the other side of the cell, R,hz(bridg‘e)éC}_z2+ is reduced by the electrons
on the platinum electrode to yield ®h,(bridge) 4(H')3 (17, which is
then photolyzed to complete the cycle, yielding Rh, (bzri.dge)qC};Z?“+ and 1L,.
Cells of this type have been constructed, and preliminary experiments
indicate that the cycling process may be carried cut several times
without detectable loss of material. However; when the reaction is
carried out in agqueous HCI, another "super-reduced" species is
observed to form in ccmpetition. with reduction of Rh, (bridge)4C1,22 '*',
and thus serves to complicate the cycle. This "super-reduced" form
may ke oxidized back to Cha(bridge)4(II))3+(Cl ") by application of
an external oxidizing potential for a short period of time, and the
cycle may then be reinitiated; however, this interruption of the cycle
does not meet favorably with the desired continuous mode Of operation.

The corresponding photolysis in aqueous HBr does not seem to have

these difficulties, and investigation of this process is underway at present.
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homogencous
irradiation of
MM o evolye
H, and mn+l

light

- //)\
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(site of O, evolution) {
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aqueous n+ ;. g
electrolyte - MM"¥ reduction)

Figure 28
Prototype homogenous-heterogenous system for
the solar conversion of water to H, and O,. On
the‘ left side of the cell, is the G, producing TiO,
photoelectrode, while the right side .would contain

Rh'z(bridge)(}z“L in aqueous acid.
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Wolecular Cebital Calculations

In order to b@tte: understand the nature of the metal-metal
interactions in the (Rh(m.\}'}"{)f)z dimers, an Extended-Tuckel type
moleculur orbital calculation was performed. From this calculation,
it was hoped that knowledge would be obtained about the significance
of metal-metal overlaps, ligand orbital energies, and bond distances.
To this end, calculations were performed on several monomers of
the type M (CNH), , (M=Co(), Rh(I), Ir (1), Ru(0), Pd(II) ), and metal-
metal overlaps for the corresponding dimers ( M(CNH),), were also
found. In addition,full calculations were made on the Rh, (CNH)g 2%

-and Rh, (CNH\SBI'22+ dimers. All metal-metal overlaps and full
dimer calculations were performed at two metal~metal distances,
3.000 and 3.264 E_, in order to get a feel for how the results depend

upon metal-metal bond length.

JAll calculations were of the Extended -Huckel Self-Consistent
Charge and Configuration type (EH-SCCC). In this methed, discussed
in detail by Ballhausen and Gray ,ldiagonal Hii energy elements for the
ligands are assumed as given,‘: while the Hii for the metal orbitals
are taken as parametric functions of charge, the valence shell ionization
energy curves (VSIE's)., The off diagonal Hij are set equal to
1/2 (_Hii +Hjj) F G, where F is a fudge factor (usually about 2. 00) and
G is the appropriate group overlap. :Full overlap matrices are calculated
from the Slater-type atomic and molecular orbitals, and eigenvalues
and eigenvectors are then obtained. A population analysis of the metal

orbitals is performed, and the corresponding charge is compared to
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the initial charge, The metal orbital energies are then readjusted

to fit the new charge, and this cycle is reiterated until the charge
and configuration have converged to self-consistency.
Since the calculation programs, Bevd and Varif3, written by

H. Baéch at Columbia University in 1962; require that only three atoms
be in the ligand, the CNR groups were modeled as CNH. Though

several ab initio cak:ulé,tions have been performed on the CNH molecule,
‘nodata was available in the literature for wavefunctions with a Slater
type basis set; so the ligand orbitals were alsc calculated using the

same programs, However, the Varifs program requires the metal

to have d orbitals, so the nitrogen atom was taken as the metal with

H and C as ligands, (bond lengths 0,97 and 1,17 fi, respéctively)

and hydrogen-~like d orbitals were assumed for nitrogen in the calculation,
Slater atomic basis sets and orbital energies Were ta‘ken from Clementi.?"
VSIE's for nitrcgen were available, and the program converged as
normal degpite the trickery involved. Though the wavefunctions

obtained in this fashion were reasonable, _the absolute energies were
expected to be suspect, and upon comparison with ab initio calculations,
this is found to be true.3 For purposes of the metal complex calculations,
the valculated wavefunctions were used and matched with the corresponding
ab initio energies. (Calculations were actually done Witﬁ both sets

of energies, and the results, though fairly independent of ligand
energies, seemed more reasonable for the ab initio energies) Monomers
of the type M(CNH), were then calculated for the five isoelectronic
metals, Co(I), Rh(I), Ir(I), Ru(0). P4(II), and fragments of H’LmRhI(CI\TH)4
and Br~RhH(C1\TH)4 were also calculated, Metal orbitals were taken

from Richardson4for Co and from Eiaschand Gray5for the other metals.
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VSIE's for first row metals were taken from H.Basch's Ph.D, thesis,
while those for second and third row metals were approximated by
subtracting 10, 000 cm"1 from the C parameters, In order to then
calculate the dimeric (M(CNH) 41‘)2 moleculas, metal-metal and certain
ligand overiapé were calculs ted at 3.000 and 3,264 [-(\i using the OVLAP
program (3.264 ,/(;l is the observed Rh-Rh bond length in Rh,(bridge),(BPh,),
from the x-ray crystal structure--see appendix)., The monomer
fragments were then mixed by taking appropriate bonding and anti-
bonding combinations for all orbitals, accounting for the splitting
of these combinations by solving the appropriate two-by-two eigenvalue
matrices, and then using the calculated overlaps to obtain eigenvalues
and eigenvectors for the dimer. In this process, the monomeric
metal charge, configuration, and orbital energies were used directly,
and the diagonalization was performed only once, as the existing
convergence routine is meaningless for a multi-metal system. The
calculations were studied over a wide range of F factors (1.5 to 4.0)
with many different combinations, and for consistency, all results
discussed here have all I factors equal to 2,00, though in some
cases better fits to experimental data could be obtained by choosing

the F factors in a particular, but arbitrary, fashion.

Ligand Wa\}efunctians and energies calculated for HNC are given
in téble 1, with ab initio energies included for comparison. Note that
in changing from the HNC calculation to the M(CNH), calculation,
we must make the coordinate transformation Cz-~ -Cz, Cy -3 -Cy,

Ny -+ -Ny in order to have all ligand atoms with left~handed coordinates.
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Figure 1

Coordinate System used in calculations.,

For the ligand orbital calculation:
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For the monomeric fragments:
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(The fifth 'igand was placed on the positive z axis on the metal)

For the dimeric compounds:

M —ix
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(in the HNC calculation, the nitrogen was the "metal", leading to the
coordinate system depicted in the diagram). The ligand wavefunctions
seem to be perfec{ly reasonable, and the energies are at least quali-
tatively correct.

For the Rh(CNH) 4+ monomer, the rhodium-~carbon bond length
was chosen as 1,94 A (from the crystal structure of (Rh(CNPh), )2 ).
Eigen values, symmetries, and occupancies are given in table & |
with selected eigenvectors in table 4, The calculation clearly differ-
entiates between the occupied orbitals and the unfilled ones, as there
is over & 30,000 cm -1 separation between the two groups., The lowest
unoccupied molecular orbital is found to be the A9 T*, as expected;
however, the one electron energy level diagram of XAy> XZ, V7 > %

s not in agreement with experiment. = The calculated d orbitals

are found to be relatively close in energy and their order may be within
the error of the calculation, however similar calculations of Pt(CN),~
also yield incorr ~ect orderings of this type. In fact, the orbitals are
so close in energy that interelectronic repulsions might dominate

the term energies, and the calculated values may actually be the correct
one-electron levels. Thus, it seems that this error is a function of
the method itself, and not of the particular molecule under study. In
any case, the essential features of the caleulations still come through,
as it predicts a low-lying ay 7* orbital and a filled a gdzz level
available for MLCT transitions.

The same cxalculations were carried out with identical geometries
for four other metals, and the energy level diagrams are shown in
tables 5 through 8. There are no major differences between any of

the metals regarding the Wavefunctiohs, with all metals retaining the
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Table 1

Calculated Energy
-163, 953
-104. 89
-131.68
-44,186
Mpz Cs
-.53638 -, 44657
. 283217 -, 45679
Cpx
51365
. 94101

Ab Initio Enfergg’f

-192.70
-108.64
-112.60
- 44,026

Cpz Hs
.12086
. 79605
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Table 2
Symmetry designations for all monomeric fragments,

Secular equation number D,
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Table 4

Selected Higenvectors for the Rh(CNH), fragment

Energy Dz’ S oy O
_86.573 . 9648 .2329 0305 -, 1120
o XY M Ty |
81,615 9068 L4739 1507
XZ_ I -
-84, 855 .0299  -.3606 .1528
Pz T T,

-47, 854 .3479  -.2176 8213
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same essential bonding scheme. The charge onthe metal varies

in the expected fashion, becoming greater as one moves either down a
period or across a row in the isoelectronic series (table9 ). The
Rh and Ir charges are almost identical because the VSIE's were the
same(both were Co VSIE's with 10,000 cm 1 subtracted from the C
arameters), and only the metal ligand O“i}erlaps were different for the

two cases. |

Rel evant metal-metal overlaps for all five metals are given
in tables 10through 15 . The 011137 exceptional data is the Co pr~-pnw
overlap being greater than the corresponding po overlap; this Iﬁas :
been found previously to be truefor Mn-NMn by Leven50116 and occurs
because of o overlap cancelling due to the diffuseness of the 4p orbital
(in fact, as the bond distance is lengthened; the po-po overlap grows
larger Whilfa the pz ~pw decreases, and eventually at ébout 4.3 ,Z; the
expected 0> 7 order is restored). It should be noted that the carbon
po overlap with the corresponding orbital on the other monomer is
very large, as is the Npo-po, and these lead t.o avery largbe splitting
in the energies of both the 7 and n* orbitals,

A full calculation of tﬁe(Rh(CNH)Z)Z dimer was carried out
usiﬁg the appropriate overlap integrals , and results are shown in
table 17, with selected eigenvectors in table 1 8. Agaiﬂ; there is a
clear distinction between the occupied and unoccupied orbitals, however,
the energy difference has decreased by about 4000 cm"l. The LUMO
is , as expected, the a'lg bonding comnbination of the two 294 ¥ t'ype
orbitals in the fragments. Furthermore, note that although the
incorrect ordering of the d levels is still maintained, both of the

dz2 type orbitals, the "bonding' a. and the "antibonding" 2y, are

1g
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Table 9

Charge
0.2100
0.3168
0.3180
0.2125
0.4225
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Table 10

Index for type of metal-metal overlap designation

Index _ Type of overlap
1 ' do-do
2 dr~-dun
3 do-dd
4 SO~S0
5 po-poc
6 ‘ do-so
7 do-po
8 po-so
9 pr=dw

10 pw - pr



Type of Overlap
1

o g O O s w2

«©

10
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Table 11

Co-Co Overlaps
3,00 A 3.264 A
0.1826 0. 0108
0.0083 0.0043
0,0011 0. 0005
0.2968 0.2387
0.1086 - 0.2005
0. 0417 0.0335
0.0076 0.0141
0.5775 0.5432
0.0312 0.0272
0.5413  0.4850
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Table 12
Rh-Rh Overlaps
Type of Overlap §&£E1;& . §nggg2§
1 0.0369 0,082
2 0.0138 0. 0071
3 0.0017 0, 0008
4 0.1578 O.1117
5 0.2888 0,2284
6 - 0.0556 0.0385
7 0. 0859 0.0607
8 0.2187 -0.1607
9 0.0306 ' 0,0179
10

0.0737 0. 0465
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Table 13

Ir-Ir Overlaps
(e}

Type of Overlap 3.00 A §¢Z§§!&
1 0. 0453 0. 0287
2 0. 0223 0.0120
3 0.0023 ‘ 0.0014
4 0.1451 0.0999
] 0.2829 0.2074
6 0.0686 0.0474
7 0.1039 0.0729
8 0.2024 0.1439
9 0.0359 0.0207

10 0.0620 0.0373
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Table 14

Ru-Ru Overiaps

Type of Overlap 3.00 “_Zi 3.264 .2‘»_

1 0.0405 0, 0253
2 0.0197 0.0106
3 0.0026 0.0012
4 0.1738 0.1261
5 003204 10,2517
6 0. 0656 00472
7 0.1001 0.0736
8 0.23717 -0.1792
9

0.0386 0. 0234
10 0.0789 0.0504
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Table 15
Pd-Pd Overlaps
Type of Overlap wf& 3 mg;gg_é
1 0. 0197 0.0105
2 0.0076 0. 0035
3 0. 0008 0. 0003
4 0.1429 0.0988
5 0.2780 0,2069
6 0, 0436 0. 0286
7 0.0689 0.0461
8 0. 2007 0.1439
9 0.0222 0, 0125
10 0.0691 0. 0431
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Table 16
Symmetry designations for all dimer calculations

Secular Equation Symmetry in D 4h

co -3 [ep} Sz} 228 w h}
[op
A

Two ;pa?i.rs of matrices involving d-type overlaps were left degenerate,

as mixing between them is very small,
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Table 17

CaivenvaLUz _ SLUULAR EQUATION DEGENERACY ooLaeeupaNey

T L200.76125 1 1 2
 -197.80779 2 . 1 S
~150. 344108 6 1 2 )
19624994 5 1 R
~194.60658 7 2 4 T
~1G4.373¢84% 8 2 L A e -
~122.79094 5 1 2 )
_~123.79088 6. . h D
—120. 45117 7 2 4
 =120.11775 o s X 2 L 4 _
~115. 48047 1 2 4 h
. =119.C2527 o) . _ 1. I
~117.2660% , 5 1 2
~116.8C016 A _ N 2. N B S
~112.95495 3 2 0
e B YLV o . SR e L0 .
~110G.25¢19 8 2 0 T
. -108.70653 . 2 I 1 e O
~108.01570 2 ] 0
=107.5210S 6 R T _ I )
~102.17404 7 2 0 ‘
_.=101.8234¢ e e e et e S et et Lot it O oo €] g e e e e e
~88.257¢4 1 1 o} 27 1g o
o =e7.04028 .2 ...} ... 0ofA& T
~85.863085 7 2 0 2u
 =83.47412. B 2 o
~8) 61578 4 2 0
R - 7.5 v RS eSS S O gFa..
47,9551 5 1 0 1g
 =44,04222 T 2 _ o
 —42.31647 7 z 0
,,_,4‘,_7-_42.31041 S . 8~ — e e 2 e - I ..A*MO..__ - e
~41.53740 3 2 0
o =40 AV T A P M mm,o_mfaz e
—~38,49423 : 6 1 o o
e =3Te49695 A 2 . 0. R
—35,32036 8 2 0
m24.2262% 5 o S SR .0
—24.22623 6 1 0
om0 Y2547 i b Y Ry
1324774 2 1 0
e XS9.14525 2 B 0
210.74042 8 2 0
o 213.5G444 T2 0 R
‘ 226.36485 1 1 0

Energy level diagram for the (Rh(CNH)J)?*‘ dimer at 3.264 A,
Occupancy numbers are incorrect, and filled levels are separated

by the dashed line,
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Table 18

. - . 2 .
Selected Eigenvalues for the Rh(CNH), ), ' dimer

Energy  dgoadse  mt0, oo ¥ mam,  mFamt
88, 287 . 9627 L2244 -. 1430 . 0037 L0575
-53.521 .0585 . -, 0103 . 3831 -, 2437 . '7930
_@ZEL:@Z%, 0, -0, g* =0, * Ty, . | a7, K e X
-87. 040 971 L2673 -, 1327 L0752 . 0278

-40.419 .0237 -, 0082 . 2520 -. 1654 . 8818
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lower in energy than the monomer dzz orbital, This is not the case
for the xz,yz orbitals, as they have split symmetrically and vielded
no net bonding. Thus, the calculation conclusively shows that irrespective
of the relative order of the d levels, the bonding ‘in“ch_e,.fﬂiﬁ(CNH)g 2+
dimer results from the stabilization of the filled ciz?’ levels by the
unoccupied 7% levels. This is in complete agreement with the molecular
orbital formulation presented earlier. Furthermore, though the
absolute value of the ZZ -3 7 transition is very far off from experiment
in both the monomer and dimer, the decrease in encrgy between the
two cases is predicted to be about 5000 cm -1 , While the experimental

value for Rh(CNEt)," - ha( CN’Et)82+ is 7000 cm"l,

An interesting point in this scheme is that the cause of the dzz
stabilization is the large overlap of the carbon and nitrogen po orbitals
on opposite monomers. As the ligand configuration changes from
eclipged to staggered, one would expect that much of this overlap,
and thergfore much of the bonding, would be lost. However, the crystal
structure of Rh(CNPh) 4+ indicates that the dimeric units are composed
of staggered monomers. It would be extremely interesting to calculate
the effects that a rotation aroun.d the Rh~Rh axis would have on the
total bonding, and to compare these results with experimental values.

The above analysis was also carried out with a Rh~Rh distance
of 3.00 14‘2 (table 20), and interestingly, the calculation predicted
even more bonding than at 3.264 £§ Thus, according to the EH results,
there 1s a signifiéant driving force for two monomeric Rh(CNH),*
units to associate, and the equilibrium bond distance is determined

by a compromise between favorable electronic interactions and steric

repulsions.
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Table 19

OCther overlaps pertinent for dimer calculations
o o]

Type of overlap 3.00 A 3.264 A
CooCrpo 0.1178 10,0896
=N 0.0602 ¢, 0415
BO  po
Rho’ia mBer 0.0593 @ eeewe.
th,h_mBrp,]r 0. 0225 me
o w 3T 1979 e
thg BLSU 0,1277
Rh.__ -Br 0.2305 S
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e ;Table 20

SLCULAE ECUATION

.....,Y_DL’GE!\[{J(Y

UCCUFANCY

~I01.58552 ! 1 2
. 1T 2704 . . Y i 2 .
~1¢¢, 34847 ¢ 1 2
. I S X R O B A e I — e 2 B .
- 1S4, 67474 1 2 4%
e Y84 20400 _ R - . & i
~172.79054 c 1 z
= 122.T9CGG e € Y L2 o
~1iC. 09782 I 2 4
120070259 1 . 1 - 2 I
~1:C.517¢4 1 2 4
L =120.02769 . e — L2 . b
~116.77328 5 1 2
e =11€.8C015 . A 2 R & i
’ ~112.2¢442 ! "1 0
P B LYY - 2 P 0 .
“1(ts37¢75S € 2 ¢
I Y & Y 2 2 L S B . I
~1(5.62176 2 i 0
=105, 40562 I S T T -
~102.27425 7 2 0
=107 T0 - £ 2 0 Ve .
- 85,892%) ) 1 0} 74 e
| NN & BYACY S b S S T e 00T B i
—€£.57115 7 2 0 u
e = E£2. 066 €720 B S R S 0 U
-£1.61518 4 R S
e T EELETRS 2T o 1 1 ' gk o
~46.29215 £ 1 lg
e = AEU2Y570 y R 2 e
-£2,318¢2 7 2
e =42,3]10656 R I - . e B
~£31.53740 3 2
e =327.5160C2 z
=37.456¢5
e =%€.33071 -_ . - R _

. -z2.31C38
.:,_,_-f":ﬁ‘le 22623

~24.22L723

=16 582517

|
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1
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Energy level diagram for the (Rh(CI\H?{)‘;)z“+ dimer at 3.00 A .
Occupancy numbers are incorrect, and filled levels are above
the dashed line.
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Though the dimer calculations were not carried out with the other
metals, inspection of the metal-metal overlaps indicate that one
would expect similar interactions in all of these molecules. In all

ases, the dominating overlap is the w*aw* which will lead to stabilization

(¢

of the dizz levels and supply the dri.ving force for oligomerization.
Indeed, some iridium and cobalt isocyanides are reported to exist
in forms of identical compositions but different co‘s.()rs? and these
calculations jmply that these differences may be accounted for by
association in the solid state.

The charge of the rhodium atom in Rh, (CNH)SZ " ig anomalously
low, 0.3168, as similar calculations with the electron rich W (CO)6
assign it a charge of over 0.4. This low ché;rge is consistent with the
unusual basicity of the rhodium c‘eime@ however it does not explain
why the monomers do not protonate in strong acid, In cases such as
these, it is advantageous to have a method of solving self-c Oﬁsistently
for the charge on the metals in the dimer, instead of being forced to
assume the same charge for both cases.

In order to set up the calculations fdr the oxidative addition
adducts of ha(bridge)(jlz +, the fragments of Brn}P{h(CNH)41L and of
Hn~ZRh(CI\IH)42+ were calculated, and the results are displayed in
tables 2iand 22 . For the bromine fragment, the unpaired electron
is in the 1o dzz level, as one would expect if a d7~d7 metal-metal
bond would be formed upon combination with ancther fragment. The
protonated form leads to a less straightforward analysis, as it must
be mixed with the bromide fragment to model the blue protonated species
of ha(bridge)42+ in aqueous acid. |

A preliminary analysis of the Rh(CNI),Br), dimer has been
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Table 21

PICHRAALL SECUpnr POLATICN . TRCENTE 70y COCLipney
cee 0Ly iiin it [ «
Qe ey K 4 ..
RS SN j G «
“6en L (ER £ P L
C6R0L300T0 ! f :
let.lER0E ¢ . . L
SGelnfong 5 f «
SERYLLCTIC ] « L
—fgk,rfc, 2 I3 - .
R LR . 3 G . .
R, TCLG, . : q 'y
“Ghe.€C(ce ¢ ' ) P ' .
~£CG.3CLE a a e
-f08,0G05° . & ) e ‘ y
—8Ce . LECC3 £ . " y
Lk ek, 7 . | y
-GC.k3 0k ) 5 “o : . .

-3

~ET.AECET fi 1

do ~-Brpo

~E0.CATHE 3 f ° T*
ER ALY .E L 0
.-kc.537tc » c [ | 4] B
-k, a2cch 1 e 0
-3C,CE(E 12 . ]
c7.e0070 5 ¢« - ¢
~e7.b0CE k Lo . 0
-7.20€4% 2 ' ] c

5. .2007n € ‘ . ) 0
e 73678 a 4 0

Energy level diagram for the Rh(CNH);Br*' fragment.
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Table 272

bt uugs GITCDE A% FRUAT Vg ol BUNUIRGY GO0 Aey
ERCINTANE R R { 1 o
a7 20N . 4 1 ]
ol R CRR T ot 8 2 ) 4

-133. 114028 4 . B 1 - 2

~IPALGRPEY 1 1 2
S1R2.07800 5] 1 2

~121 .30

—-114.0010% 2 2 4
~114,54097 ’ 3 3 -

=113.7470G82 . 1 : 1 2
~112.99402 2 1 2

~112.446602 e : . _ 2

.
!
E-N

~103.11507 I3}
-97.89037 7 2 . 4

.

~-93.202248 . S 1 2

—57.,40975 1 ‘ 1 : . ° do-H o

—-43,75457 6 o N - 0
~41,5%740 . 2 ’ 1 - [}
~40.08190 ' 7 . 2 . . 0

-39.07445 # 2 o 0
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[
<

~37.19505
28, 49211 4 1 0

~8.04671 3 ’ o1 E o
194.0:&*;’:(; ' e ’ 2 . o
230, 58560 1 1 ’ °

. Energy level diagram for the Rh(CNH)4H2"*fragment.
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performed (table 23, howevei*,‘. in these calculations, mixing of a
bromine on one fragment with the metal of the other fragment was
neglected., The resuits indicate that the expected o-o* splitting is
not nearly as large as one would expect, and the o* orbital is still
occupicd in this scheme., This calculation is clearly incorrect, as
it predicts a triplet ground state for the molecule, but the analogous
compound of Rh, (‘D:ridge)ql’zz+ has a ginglet ground state (verified by
EPR data). If the ¢ interactions that were neglected turn out to be
large (as they probably will), then the destabilization of the o* crbital
will result in a singlet ground state and also remove the electrons
from this occupied o* level, making it available for electronic transitions.
The study of the electronic structure of the oxidative addition models
and protonated models are areas of great interest, and will be pursued

further in the future,
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Appendix
Summary of the Structural Analysis of Rh, (bridge), (BPh,), - 2CH,CN

This crystal structure was performed entirely by John Thich,
who has kindly consented to make the information available for use
in this thesis,

The crystal and molecular structure of Rh, (bridge),(BFh,),
has been determined from single crystal three~dimensional x~ray
data collected by counter methods., Data derived from the .
trystal used in data collection are listed in Table 1, Of a total of
10,500 reflections measured, 4745 uniqgue reflections having Fz=3o
were used in the structure solution and 1:efinemenﬁ:'.,1 The structure
was solved by the heavy atom method and refined using full-matrix
least squares techniques to a cﬁnventional R factor of 0. 0’7'7,2

The structure consists of discrete dimeric Rh,(bridge), units
in which equivalent Rh atoms are bridged by the four ligands. The
coordination geometry around the Rh is essentially square planar,

An ORTEP drawing of the dimeric unit along with the atomr labelling
used is shown in figure 1. Bond distances, angles, and least squares
plane calculations 3 for thé dimeric unit are collected in table 2 .

Thé unique tetraphenylborate molecule has comparable bond distances
and angles to other determinations and thus has not been elaborated
upon here. An ORTEP drawing of the unit cell packing is shown in
figure 2.

A slight disorder exists in the:structure. The carbon atom at
y=1/4 of ligand 4 appears to be partially occupying two chemically
reasonable positions in the mirror plane (C431,C432), Attempts at

refining population distributions were only partially successful.
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Bqual populations (based on analysis of eiectron density maps) were
finally given to both positions. Positional and thermal parameters
were refined for both atoms. The solvent presented more serious
problems. Residual electron density at y=1/4 was fitted with a
disordered‘CHsCI‘L No pcs*‘tional,‘ th.ermai; or occupancy parameters
were refined, Neither the discordered carbon atom: nor solvent molecules
are shown in the two figures, Bond distances and angles for the

disordered carbon atom are listed in table 2,



Figure 1

ORTEP drawing of Rh, (bridge),* *.
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Table 1

Crystal Data for Rh,(bridge),(BPh,),* 2CH,CN

Molecular wt.=1302.8

Space Group=P21/m (C%h, No.11)
a=17,359(6)

b=12.573(4)

c=15.666(8)

B=113.08(3)

V3145 &

cadcdzl' 316
dopga=t-308

x=0.71069 A
T=22(1) C.
p=5.67 em™]

d



Lengths
Rh-C11

Rh-C41
€21 12

[ Y

[y

111

Tabie 2

Bond Lengths and Angles

. 966(6)
.963(5)

.138(8)

N3-C32 1.,446(7)

C12-C131.453(11)

C42-Ch-3-1

1.389{14)

Rh-Rh' 2.264(1)

Angles
Rh-C11-N1

Cli~Rh~C31
Rh-C31~N3

176.52(57)
177.21(24)

175. 25 (51)

Rh-C21~-N2 175.05(57)

C31-Rh~C41
C11-N1-C12
C21-N2-~C22
C31-N3~C32
C41-N4-C42

N4-C42-C4-3-2 113.23(66)

-

88.19(24)

174.39(68)
174, 64(70)
174, 28(56)
175, 45 (62)

LS Plane Values

Alom
Rh(1)
C11(1)
N1

Dev(A) Sig

~0.005(0)
0. 057(6)
0.137(5)

Rh-C21 1.968(5) Rh-C31 1.983(5)
C11-N1 41.122(8) NI1-C12 1.432(10)
N2 -C22 1.461(10} C31-N3 1,137(7)
C41-N4 1.141(7) N4-C4% 1.455(9)

C22.-C231.356(13)

C32-C331.500(7)

C42-C4-3-2 1.415(12)

Ci1~Rh-C21
C21 -Rh-~C31
C11~Rh-C41
C21-Rh-C41
Rh-C41-N4
Ni-C12-C13
N2 -C22-C23
N3 -C32-C33

N4-C42-C4-3

( -0.011
( -1.847
( -2.910

88.28(25)
92.20(24)
01,24(25)
177.92(25)
175. 05 (53)
112, 92(67)
117.76(78)
110, 82 (47)
-1 118.20(75)

XP ,

0.002  -0.005)
-0.698 0.057)
-1, 049 0.137)



st

C21 (1)
N2 (1)
C31(1)
N3 (1)
C41(1)
N4 (1)

RMS Devga‘tion of fitted atoms from plane=0, 023

Dev (a)8ig
0. 034(6)
0.146(6)
0. 027 (6)
0, 109(5)
0. 026(6)
0.119(5)

112

Table 2 (cont'd)

7

( -0.1767
( -1.238
( 1.847
( 2.933
( 0.729
( 1.217

0,692
1.021
=1,816
~2, 843

RMS value of estimated standard deviation=0,016 -

Least Squares Plane is the monomeric fragment plane,

0.034)
0.146)
0.027)
0.109)

- 0.026)

0.119)
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i, Programse incorporated in the CRYM system at the California

Institute of Technology were used throughout.

2. g, = ZLFgi=IFll
2 iFO‘
| 3. Calculation of esd's does not take into account correlations

between atoms.
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CHAPTER 2

SYNTHESIS AND CHARACTERIZATION
OF A MOLYBDENUM ISOCYANIDE

COMPLEX: AN INORGANIC CHEMIST'S
JOURNEY INTO ORGANIC CHEMISTRY
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Synthesis of Mo(2 -pvrisi}',7‘ﬁ~'f\§“:‘;“‘)5

In 1976, Mann and Gray reported that electron transfer from
a metal complex to solvent could be efficiently photo-induced with
compounds bf the type M(CNAr),, M=Cr, Mo, W%’ZDue to the wide
variety of metals and side groups present in these campounds; these
isoéyai‘aide complexes were found to be idegl for studying competition
between photosubstitution and photoredox processes. By proper
choice of the ligands and metals, it was found that ligand substitution
could be eliminated, and photoreduction of solvents such as chloroform

and carbon tetrachloride could proceed with very high quantum yields:

M(CNAT) M“C%;"’f’ M(CNAr)g
M(CNAr)g T GoL | MENAr)y o+ -CCly + €17
3 ‘ .

These zero-valent complexes are relatively nonwpolar, and dissolve
only'in solvents such as benzene, dich‘-.crémﬁéthane, and dioxane.

As it would be highly desirable t'o run this reaction in aqueous solution,
yielding reduction of water to hydrogen gas, it was proposed to

build an aryl isocyanide complex that would dissoclve in agueous éolution.
The ligand chosen was 2-pyridyl isocyanide, as it was hoped that the
complex, if not water soluble , would protonate and disso've in

aque’dus acid. This particu'ar ligand had not been reported in the
literature, and Ugi stat»ed that it was too unstable to isolate3; however

its desirability for use in a metal complex warranted aﬁother attempt

at its synthesis. Along the way, much organic synthesis was attempted,
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and the main value of this work was the knowledge of the methods one
should use to synthesize unstable isocyanide ligands. In accordance
with this view, a full description of how the ligand was prepared (as
well as all the méthods.which did not work) will be presented below.
Due to the fact that the pyridyl functionality is reactive toward

dichlorcocarbene; the phase transfer method of isocyanide synthesis

- is of no use for these classes of compounds. The remaining strategy
was then to prepare a formamide from the appropriate amine, and
then dehydrate it to yield the desired visocyanide:

R-NH, ———— R-NH-CHO -0, R-N=C

Both 2~aminopyridine and 4-aminopyridine can be purchased from
commercial sources (Aldrich) however, both the formamide and
isocyanide must be synthesized.

The following syntheses are divided into two sections: attempts
to make the formamides, and attempts to dehydrate it and form the
isocyanide.

~A) The standard mei:hod40f neat addition of equimolar amounts of
ethyl formate and amine, stirring overnight and stripping off the
ethahol formed yielded no reaction with either the 2~ or4- pyridyl
isomers, even with heating at 80°C. for two hours. Starting amine
and ethyl formate were recovered in both cases,
B) After Knunjani? 10.0 g of 2-amh;opyridine was dissolved in 100 ml
_of 98% formic acid, and the water was distilled off. The remaining

mixture was distilled under vacuum, and the entire so'ution fractionated
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as one mixture, This clear solution solidified upon cooling to room
temzrrej:*ature, and the solid had a melting point of 41°C, The infrared
spectrum, NMR spectrum and melting point are all consistent with
| the formulation of this compound as the formic acid salt of the amine,

and not the desgired formamide.

C) Following A::*marego,s 12.6 m!l of anhydrous formic acid and 32.8 ml
of glacial acetic acid was heated at 50°C. for two hours. The solution
was cooled to 5°C., and while stirring, a solution of 32,8 g of 2-amino-
pyridine in 150 ml of benzene was slowly added. The mixture was
allowed to stir for two days at room temperature, and the benzene was
pulled off. Vacuum distillation yielded two fractions, one again being
the amine salt, and the other, 0.1 g, melts at 69-71°C. (reported m.p .
for 2-formamidopyridine is 71-73 ‘fC. ). Although the compound was
indeed fomhed, it was contaminated with the amine salt, and the small

yield forced other methods to be tried also.

D) Phenyl formate was prepared by the method of Yale? and the
2-aminopyridine was treated with this formylating reagent as follows:
the 100 g of phenyl formate so'ution containing about 50% phenol (by
NMR integration) and 50% phenyl formate was added to 38.5 g of
2-aminopyridine at 0°C, After stirring for ten minutes; the solution
was distilled, With the low boiling fraction distilling at 45-55°C. being
excess phenyl formate~phenol, while the pale yellow residue left in
the flask solidified upon cooling to room temperature and gave an NMR
spectrum in CHCI, identical to that of pure 2 formamidopyridine, and

—~ as a KBr pellet, had a strong band at 1690 em™! in the infrared spectrum.
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This method works quite well for excellent yields of both the 2 -formamido-

pyridine and the 4~-formamidopyridine compounds.

In agreement with the literature reports (actually the absence
thereof), dehydration of the 2- and 4~ isomers of the formamidopyridines
with POC'inyridine? POCL/K -~t-butoxide /t-butanol? POCls/quinoline,m
POC1, /4~ (3 -phenylpropyl)pyridine, POCL,/Et,N/ CHZCIE‘}' and p-tolune-
sulfenyi chioride/pyridinel?inixtures by standard methods and modified
literature preparations all failed to yield any substance with the
characteristic smell or v(C=N) at 2110 cmm1 of an aryl isocyanide,

The following procedure was the only method found that would give
any amount of the desired isocyanide,

12.2 g (0.1 moles) of 2-formamidopyridine was added to 9.7 m!
of CCl,, 11:0 m! of Et,N, 32.2 g of PPh,, and 100 ml of CHzClz. The
entire mixture was refluxed for two hours, and was then cooled to
room temperature. The crystalline solid, presumably O=PPh,, was
fittered, the CH,ClL, stripped off, and the reéidue extracted 8 times
with 25 m! portions of 30-60° petroleum ether. The ether solution
wés filtered 'and concentrated, yielding 1.2 g ofé reddish-brown
liquid. This liquid smelled like an isocyanide, and also possessed a
very intense band as 2112 cm ;1, consistent with the formulation as
2-isocyanopyridihe. PMR spectra also verified this structure, showing
compiex resonance patterns with all‘peaks between 8 and 10 8,
Excessive heat resulted in loss of the material; on several occasions,
any attémpted distillation,as well as heating excessively on a hot plate

caused polymerization, Column chromatograhpy on silica gel with
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2.5 : 1 CU,Cl,/acetone as elutant was used to purify the compound,

A o
but upon concentration of the fractions, the same reddish brown

color was obtained.

Synthesis of Mo(2-py ngw Clg

The desired complex was synthesized by adding 1.6 g of the
2-isocyanopyridine ligand to 0.1 g of Mo, (CH,COOQ), in degassed
methanol. After stirring for ten minutes, the solution was heated
until all the yellow Mo, (CH,COO), had dissolved. The solution was
then cooled and yielded red crystals. The infrared and electronic
absorption spectra are virtually identical with other complexes of
. the form Mo(CNAr)é,?l%howing a broad €=N strecthing mode at 1960 cm™1
in the infrared, and bands at 40 and 493 nm in’ the visible spectrum,

Although! insoluble in water, this complex dissolves in 12 M
HC1 to yield a red solution; however a thermal reaction with the acid
leads to destmétion of the complex in a few minutes, producing a
pale yellow solution. Similar reactivity has been observed recently
for other 1\£[0(C‘N!‘nf)6 complexes when treated with gaseous HCI in
organic solvents%llso the problem is not related to the pyridyl side
group, rather it seems to be a property of the isocyanide functionality
itself,

Although the desired Mo(Z-pyridy1-N:C)6 complex was not
stable in aqueous acid, the most important facet of the project was
the experience with methods for isocyanide synthesis, especially
thermally unstable isonitriles. My general fee'ings on isocyanide

syntheses are summarized bel ow, as they might be of uée to workers

at a later date.
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The phosgene method works guilte Weﬂj;s provided the 'ab is
set up for working with large quantities of this highly poisonocus
gas. If one chooses to avoid phosgene, the present method of choice
is the PPh,/Et,N/CH,Cl, mixturef(iwhich is the one used to dehydrate
the 2-«fo‘1’*m‘amidOpyridine. - This mixture is widespread as a dehydrating
reagent, and is a general route to isocyanides, cyanides, amides,
and virtually any product of a-~loss of I,0, Also, the reaction is
very clean and does not require water quenching (as the POCI,, PCl,,
and other similar reagents do), but only calls for a simple extraction
and removal of solvent.

The next method to be used is a specific isocyanide forming
reagent: SOCL, in DMF :23()11.1*&1011'};7 This works well in most cases,
however it does require a water quenching step; and for water
soluble. isocyanides this is somewhat of a problem. After. these
methods, the conventional POCI,/pyridine, Et,N/CH,C1,/POCI, or
other combinations wiil work for common side groups, as will the
p-tolunesulfonyl chloride/quinoline mixture.

All of the above reagents require the formamide as a starting
material. This is most conveniently prepared by adding ethyl formate
to the desired amine, stirring for two hours, and removing the ethanol
formed, For unreactive amines, the formic-acetic anhydride mixtures
sometimes work, but phenyl formate is by far the most powerful
formylating ageﬁt, and reacts with virtually every amine to yield
the corresponding formamide.

For routine, everyday preparations of common alkyl or jaryl
isocyanides, the phase transfer method used to synthesize bridge (see

part 1) is the most dependable, least expensive, and leasl time-



consuming of all the syntheses, It is the most suitable method for
large quantities of material (-2 moles), and il is recommended

that one try this method first before resorting to any of the dehydration
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