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  life,	
  and	
  I	
  know	
  there	
  are	
  many	
  more	
  to	
  come.	
  
	
  
I	
  want	
  to	
  give	
  a	
  shout	
  out	
  to	
  my	
  lab	
  mates,	
  especially	
  Zach	
  and	
  Brian.	
  I	
  really	
  enjoyed	
  our	
  
conversations	
  and	
  ability	
  to	
  cut	
  up	
  in	
  lab,	
  especially	
  throwing	
  the	
  baseball	
  in	
  Aldrich	
  Park.	
  I	
  
want	
  to	
  also	
  thank	
  Casey,	
  Chad,	
  Jeff,	
  Miles,	
  among	
  many	
  others	
  I’m	
  sure	
  I’ve	
  missed.	
  There	
  
were	
  a	
  lot	
  of	
  intelligent	
  (and	
  probably	
  more	
  unintelligent)	
  conversations	
  we’ve	
  had	
  over	
  
the	
  two	
  years	
  I	
  was	
  with	
  you.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  



xi	
  
	
  

ABSTRACT	
  OF	
  THE	
  THESIS	
  
	
  

Design	
  of	
  Bimetallic	
  Complexes	
  for	
  the	
  Cooperative	
  Activation	
  and	
  Reduction	
  of	
  Carbon	
  
Dioxide	
  

	
  
By	
  
	
  

Steven	
  Andrew	
  Poteet	
  
	
  

Master	
  of	
  Science	
  in	
  Chemistry	
  
	
  

	
  University	
  of	
  California,	
  Irvine,	
  2015	
  
	
  

Professor	
  Jenny	
  Y.	
  Yang,	
  Chair	
  
	
  
	
  
	
  

Carbon	
  dioxide	
  emission	
  continues	
  to	
  be	
  an	
  important	
  topic	
  regarding	
  the	
  future	
  of	
  

our	
   society,	
   with	
   its	
   primary	
   function	
   being	
   the	
   leading	
   contributor	
   (by	
   amount)	
   to	
  

greenhouse	
   gases.	
   We	
   aim	
   to	
   convert	
   CO2	
   to	
   useful	
   fuel	
   derivatives,	
   indirectly,	
   by	
   2e-­‐	
  

reduction	
   to	
   carbon	
   monoxide.	
   This	
   thesis	
   details	
   the	
   preparation	
   of	
   complexes	
  

incorporating	
  two	
  metals	
  in	
  a	
  Robson-­‐type	
  macrocycle	
  to	
  be	
  investigated	
  as	
  a	
  method	
  for	
  

the	
  catalytic	
  reduction	
  of	
  carbon	
  dioxide	
  to	
  carbon	
  monoxide.	
  The	
  characterization	
  of	
  these	
  

complexes,	
   as	
   well	
   as	
   alternative	
   methods	
   of	
   their	
   syntheses,	
   is	
   reported	
   herein.	
   The	
  

complexes’	
   reactivity	
   and	
   interaction	
   with	
   CO2	
   was	
   probed	
   by	
   cyclic	
   voltammetry	
   and	
  

spectrophotometric	
   methods.	
   Comparison	
   to	
   the	
   well	
   studied	
   mono-­‐metallic	
   complexes,	
  

Co(salen)	
  and	
  Ni(salen)	
  (salen	
  =	
  N,N’-­‐ethylenebis(salicylimine)),	
  was	
  used	
  to	
  help	
  establish	
  

the	
  importance	
  of	
  a	
  bimetallic	
  cooperative	
  effect	
  for	
  CO2	
  activation	
  and	
  reduction.	
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CHAPTER	
  1	
  

The	
  CO2	
  Problem	
  

1.1	
  Introduction	
  and	
  scope	
  

	
   The	
  consumption	
  of	
  energy	
  continues	
  to	
  be	
  a	
  growing	
  concern,	
  and	
  the	
  demand	
  for	
  

sustainable	
  and	
  renewable	
  energy	
  sources	
  has	
  become	
  an	
  important	
  topic	
  in	
  the	
  scientific,	
  

political,	
   and	
   commercial	
   sectors.1,2	
   Closely	
   related	
   to	
   this	
   lies	
   the	
   concern	
   of	
   climate	
  

change	
  that	
  has	
  dominated	
  research	
  efforts	
   in	
   the	
  past	
  couple	
  of	
  decades.3	
  The	
   impact	
  of	
  

global	
  climate	
  change	
  has	
   far	
  reaching	
  consequences	
   that	
  extends	
   to	
  agriculture,	
  wildlife,	
  

and	
  our	
  general	
  well	
  being.	
  Political	
  efforts	
  have	
  been	
  implemented	
  in	
  Western	
  nations	
  to	
  

restrict	
   the	
   amount	
   of	
   pollutants	
   emitted	
   by	
   industries	
   and	
   automobiles;	
   however,	
   these	
  

restrictions	
   still	
   do	
   not	
   eliminate	
   emissions.	
   More	
   importantly,	
   emerging	
   nations	
   are	
  

expanding	
   their	
   technologies	
   to	
   keep	
   up	
   with	
   demand,	
   and	
   the	
   governments	
   do	
   not	
  

implement	
   the	
   same	
   constraints	
   seen	
   in	
   established	
   countries.	
   The	
  U.S.	
   DOE	
   predicts	
   an	
  

enormous	
   growth	
   period	
   during	
   the	
   next	
   20	
   years	
   with	
   the	
   primary	
   contributors	
   being	
  

emerging	
  nations.	
  With	
  this,	
  the	
  world	
  energy	
  demand	
  is	
  expected	
  to	
  rise	
  almost	
  50%	
  from	
  

573	
  quadrillion	
  btu	
  to	
  770	
  quadrillion	
  btu	
  (Figure	
  1.1).4	
  	
  

Two	
   serious	
  problems	
   arise	
   from	
   this	
   outlook:	
  Where	
  will	
   this	
   energy	
   come	
   from	
  

and	
  how	
  will	
  we	
  control	
  or	
  eliminate	
  the	
  resulting	
  pollutants?	
  To	
  address	
  these	
  questions,	
  

we	
  can	
  look	
  to	
  control	
  the	
  emission	
  of	
  certain	
  pollutants	
  by	
  converting	
  them	
  into	
  sources	
  of	
  

energy.	
  There	
  are	
  many	
  methods	
  of	
  procuring	
  renewable	
  energy	
  sources,	
  such	
  as	
  sunlight	
  

and	
  wind,	
  but	
  the	
  ability	
  to	
  store	
  the	
  energy	
  generated	
  during	
  periods	
  of	
  low	
  input	
  remains	
  

elusive.5	
  One	
  method	
  of	
  “storing”	
  this	
  energy	
  is	
  in	
  the	
  form	
  of	
  chemical	
  bonds	
  that	
  can	
  be	
  

broken	
  at	
  times	
  of	
  low	
  input.	
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Figure	
  1.1.	
  Left:	
  Projected	
  world	
  energy	
  consumption.	
  OECD=	
  Organization	
  for	
  Economic	
  
Cooperation	
  and	
  Development	
  nations	
   (Quadrillion	
  Btu).	
   Current	
  OEDC	
   countries	
   (2010)	
  
include:	
  USA,	
   Canada,	
  Mexico,	
   Austria,	
   Belgium,	
   Chile,	
   Czech	
  Republic,	
   Denmark,	
   Estonia,	
  
Finland,	
   France,	
   Germany,	
   Greece,	
   Hungary,	
   Ireland,	
   Italy,	
   Luxembourg,	
   the	
   Netherlands,	
  
Norway,	
  Poland,	
  Slovakia,	
  Slovenia,	
  Spain,	
  Sweden,	
  Switzerland,	
  Turkey,	
  UK,	
   Japan,	
  South	
  
Korea,	
   Australia,	
   New	
   Zealand	
   and	
   Israel.	
   Right:	
   World	
   liquids	
   consumption	
   by	
   sector	
  
(million	
  barrels	
  per	
  day).	
  Figure	
  taken	
  from	
  Ref	
  4.	
  	
  

 
	
   Traditional	
   sources	
   of	
   energy,	
   such	
   as	
   gasoline	
   and	
   diesel,	
   utilize	
   a	
   combustion	
  

reaction	
  to	
  generate	
  carbon	
  dioxide	
  as	
  a	
  major	
  byproduct.	
  Because	
  of	
  this,	
  carbon	
  dioxide	
  is	
  

being	
   produced	
   at	
   an	
   unsustainable	
   rate.	
   Since	
   the	
   1960’s,	
   CO2	
   has	
   risen	
  nearly	
   25%,	
   as	
  

indicated	
  in	
  Figure	
  1.2.6	
  The	
  rise	
  in	
  CO2	
  production	
  is	
  intimately	
  linked	
  to	
  the	
  global	
  energy	
  

problem	
  through	
  fossil	
  fuel	
  combustion.	
  Significant	
  progress	
  towards	
  the	
  utilization	
  of	
  CO2	
  

began	
  to	
  develop	
  in	
  the	
  1970’s,	
  but	
  a	
  system	
  that	
  can	
  effectively	
  scavenge	
  and	
  convert	
  CO2	
  

to	
  useful	
  materials	
  remains	
  largely	
  unsolved.	
  	
  

U.S. Energy Information Administration | International Energy Outlook 20112

Highlights

in 2020 and 112.2 million barrels per day in 2035. In the Reference case, most of the growth in liquids use is in the transportation 
sector, where, in the absence of significant technological advances, liquids continue to provide much of the energy consumed. Liquid 
fuels remain an important energy source for transportation and industrial sector processes. Despite rising fuel prices, use of liquids 
for transportation increases by an average of 1.4 percent per year, or 46 percent overall from 2008 to 2035. The transportation sector 
accounts for 82 percent of the total increase in liquid fuel use from 2008 to 2035, with the remaining portion of the growth attributable 
to the industrial sector (Figure 3). The use of liquids declines in the other end-use sectors and for electric power generation.
To meet the increase in world demand in the Reference case, liquids production (including both conventional and unconventional 
liquids supplies) increases by a total of 26.6 million barrels per day from 2008 to 2035. The Reference case assumes that OPEC 
countries will invest in incremental production capacity in order to maintain a share of approximately 40 percent of total world 
liquids production through 2035, consistent with their share over the past 15 years. Increasing volumes of conventional liquids 
(crude oil and lease condensate, natural gas plant liquids, and refinery gain) from OPEC producers contribute 10.3 million barrels 
per day to the total increase in world liquids production, and conventional supplies from non-OPEC countries add another 7.1 
million barrels per day.
Unconventional resources (including oil sands, extra-heavy oil, biofuels, coal-to-liquids, gas-to-liquids, and shale oil) from both 
OPEC and non-OPEC sources grow on average by 4.6 percent per year over the projection period. Sustained high oil prices allow 
unconventional resources to become economically competitive, particularly when geopolitical or other “above ground” constraints5 
limit access to prospective conventional resources. World production of unconventional liquid fuels, which totaled only 3.9 million 
barrels per day in 2008, increases to 13.1 million barrels per day and accounts for 12 percent of total world liquids supply in 2035. 
The largest components of future unconventional production are 4.8 million barrels per day of Canadian oil sands, 2.2 and 1.7 million 
barrels per day of U.S. and Brazilian biofuels, respectively, and 1.4 million barrels per day of Venezuelan extra-heavy oil. Those four 
contributors to unconventional liquids supply account for almost three-quarters of the increase over the projection period.

Natural gas
World natural gas consumption increases by 52 percent in the Reference case, from 111 trillion cubic feet in 2008 to 169 trillion 
cubic feet in 2035. Although the global recession resulted in an estimated decline of 2.0 trillion cubic feet in natural gas use in 
2009, robust demand returned in 2010, and consumption exceeded the level recorded before the downturn. Natural gas continues 
to be the fuel of choice for many regions of the world in the electric power and industrial sectors, in part because its relatively 
low carbon intensity compared with oil and coal makes it an attractive option for nations interested in reducing greenhouse gas 
emissions. In the power sector, low capital costs and fuel efficiency also favor natural gas.
In the IEO2011 Reference case, the major projected increase in natural gas production occurs in non-OECD regions, with the largest 
increments coming from the Middle East (an increase of 15 trillion cubic feet between 2008 and 2035), Africa (7 trillion cubic 
feet), and non-OECD Europe and Eurasia, including Russia and the other former Soviet Republics (9 trillion cubic feet). Over the 
projection period, Iran and Qatar alone increase their natural gas production by a combined 11 trillion cubic feet, nearly 20 percent 
of the total increment in world gas production. A significant share of the increase is expected to come from a single offshore field, 
which is called North Field on the Qatari side and South Pars on the Iranian side.

5 “Above-ground” constraints refer to those nongeological factors that might affect supply, including: government policies that limit access to resources; 
conflict; terrorist activity; lack of technological advances or access to technology; price constraints on the economical development of resources; labor 
shortages; materials shortages; weather; environmental protection actions; and other short- and long-term geopolitical considerations.
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Highlights
In the IEO2011 Reference case, which does not incorporate prospective legislation or policies that might affect energy markets, 
world marketed energy consumption grows by 53 percent from 2008 to 2035. Total world energy use rises from 505 quadrillion 
British thermal units (Btu) in 2008 to 619 quadrillion Btu in 2020 and 770 quadrillion Btu in 2035 (Figure 1). Much of the growth 
in energy consumption occurs in countries outside the Organization for Economic Cooperation and Development (non-OECD 
nations),2 where demand is driven by strong long-term economic growth. Energy use in non-OECD nations increases by 85 percent 
in the Reference case, as compared with an increase of 18 percent for the OECD economies.
Although the world continues to recover from the 2008-2009 global recession, the recovery is uneven. In advanced economies, 
recovery has been slow in comparison with recoveries from past recessions. Unemployment is still high among the advanced 
economies, and real estate markets and household income growth remain weak. Debt levels in a number of small economies of 
the European Union—Greece, Ireland, and Portugal—required European Union intervention to avert defaults. Concerns about fiscal 
sustainability and financial turbulence suggest that economic recovery in the OECD countries will not be accompanied by the 
higher growth rates associated with past recoveries. In contrast, growth remains high in many emerging economies, in part driven 
by strong capital inflows and high commodity prices; however, inflation pressures remain a particular concern, along with the need 
to rebalance external trade in key developing economies.
Beyond the pace and timing of the world’s economic recovery, other events have compounded the uncertainty associated with 
this year’s energy outlook. Oil prices rose in 2010 as a result of growing demand associated with signs of economic recovery and 
a lack of a sufficient supply response. Prices were driven even higher at the end of 2010 and into 2011 as social and political unrest 
unfolded in several Middle Eastern and African economies. Oil prices increased from about $82 per barrel3 at the end of November 
2010 to more than $112 per barrel in day trading on April 8, 2011. The impacts of quickly rising prices and possible regional supply 
disruptions add substantial uncertainty to the near-term outlook. In 2011, the price of light sweet crude oil in the United States (in 
real 2009 dollars) is expected to average $100 per barrel, and with prices expected to continue increasing in the long term, the 
price reaches $108 per barrel in 2020 and $125 per barrel in 2035 in the IEO2011 Reference case.
The aftermath of the devastating earthquake and tsunami that struck northeastern Japan on March 11, 2011—which resulted 
in extensive loss of life and infrastructure damage, including severe damage to several nuclear reactors at Fukushima Daiichi—
provides another major source of uncertainty in IEO2011. The near-term outlook for Japan’s economy is lower than the already 
sluggish growth that was projected before the events, but the impact on the rest of Asia and on world economic health as a 
whole probably will be relatively small, given that Japan has not been a major factor in regional economic growth in recent years. 
However, the event may have more profound implications for the future of world nuclear power. The IEO2011 projections do not 
reflect the possible ramifications of Fukushima for the long-term global development of nuclear power or the policies that some 

countries have already adopted in its aftermath with respect 
to the continued operation of existing nuclear plants.

World energy markets by fuel type
In the long-term, the IEO2011 Reference case projects increased 
world consumption of marketed energy from all fuel sources 
through 2035 (Figure 2). Fossil fuels are expected to continue 
supplying much of the energy used worldwide. Although 
liquid fuels—mostly petroleum based—remain the largest 
source of energy, the liquids share of world marketed energy 
consumption falls from 34 percent in 2008 to 29 percent in 
2035, as projected high world oil prices lead many energy users 
to switch away from liquid fuels when feasible. Renewable 
energy is the world’s fastest growing form of energy, and the 
renewable share of total energy use increases from 10 percent 
in 2008 to 14 percent in 2035 in the Reference case.

Liquid fuels
World use of petroleum and other liquids4 grows from 85.7 
million barrels per day in 2008 to 97.6 million barrels per day 

2 Current OECD member countries (as of September 1, 2010) are the United States, Canada, Mexico, Austria, Belgium, Chile, Czech Republic, Denmark, 
Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Poland, Portugal, Slovakia, Slovenia, Spain, 
Sweden, Switzerland, Turkey, the United Kingdom, Japan, South Korea, Australia, and New Zealand. Israel became a member on September 7, 2010, and 
Estonia became a member on December 9, 2010, but neither country’s membership is reflected in IEO2011.

3 Nominal dollars per barrel of West Texas Intermediate crude oil at Cushing, Oklahoma.
4 Petroleum and other liquid fuels include petroleum-derived fuels and non-petroleum-derived liquid fuels, such as ethanol and biodiesel, coal-to-liquids, 
and gas-to-liquids. Petroleum coke, which is a solid, is included. Also included are natural gas liquids, crude oil consumed as a fuel, and liquid hydrogen.
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Figure	
  1.2.	
  The	
  Keeling	
  curve	
  displaying	
  CO2	
  emission	
  data	
  in	
  ppm	
  taken	
  at	
  Mauna	
  Loa.6	
  	
  

 
Since	
  more	
   than	
  30	
  billion	
   tons	
  of	
  carbon	
  dioxide	
   is	
  produced	
  each	
  year,	
  methods	
  

are	
  being	
  developed	
  to	
  convert	
  this	
  pollutant	
  into	
  a	
  potential	
  carbon	
  feedstock	
  for	
  existing	
  

technologies	
  that	
  rely	
  on	
  petrochemical	
  processes.7	
  In	
  addition,	
  it	
  should	
  be	
  noted	
  that	
  the	
  

primary	
  method	
  of	
  energy	
  consumption	
  is	
  projected	
  to	
  remain	
  as	
  transportable	
  fuels,	
  such	
  

as	
  gasoline	
  and	
  diesel	
  (Figure	
  1.1).	
  If	
  carbon	
  dioxide	
  can	
  be	
  reduced	
  to	
  carbon	
  monoxide	
  in	
  

bulk	
   (Table	
   1.1),	
   it	
   could	
   be	
   utilized	
   in	
   the	
   Fisher-­‐Trospch	
   (equation	
   1.1)	
   process	
   along	
  

with	
  H2	
  to	
  produce	
  synthetic	
  hydrocarbons.8	
  These	
  hydrocarbons	
  can	
  then	
  be	
  combusted	
  

to	
  produce	
  CO2	
  and	
  H2O,	
  producing	
  a	
  net	
  neutral	
  carbon	
  cycle	
  (Figure	
  1.4).	
  

	
  

	
  2(n+1) H2   +    n CO CnH(2n+2)   +   n H2O (1.1)
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This	
  is	
  particularly	
  attractive	
  for	
  several	
  reasons:	
  a)	
  the	
  Fisher-­‐Trospch	
  reaction	
  is	
  

already	
   an	
   industrial	
   process	
   b)	
   synthetic	
   hydrocarbons	
   are	
   the	
   main	
   component	
   of	
  

gasoline	
  and	
  would	
  allow	
  us	
  to	
  retain	
  our	
  current	
  infrastructure	
  that	
  relies	
  on	
  liquid	
  fuels	
  

c)	
  the	
  combustion	
  of	
  the	
  resulting	
  hydrocarbons	
  would	
  form	
  CO2	
  and	
  H2O,	
  resulting	
  in	
  a	
  net	
  

carbon	
  neutral	
  cycle.	
  	
  

 

Figure	
  1.3.	
  Simplified	
  flow	
  chart	
  for	
  Fischer-­‐Tropsch	
  fuel	
  processes.9	
  

 
	
   Figure	
   1.3	
   describes	
   a	
   simplified	
   infrastructure	
   for	
   Fischer-­‐Tropsch	
   based	
  

processes.	
  With	
   the	
  mass	
   production	
   of	
   CO,	
   the	
   need	
   for	
   coal	
  would	
   be	
   eliminated	
   thus	
  

lessening	
   our	
   dependence	
   on	
   fossil	
   fuel	
   sources.	
   Higher	
   molecular	
   weight	
   paraffins	
   are	
  

more	
  desired,	
  which	
  represent	
  liquid	
  fuels	
  and	
  diesel.	
  These	
  reactions	
  operate	
  under	
  high	
  

temperatures	
   and	
   pressures	
   that	
   require	
   a	
   catalyst.	
   This	
   catalyst	
   depends	
   on	
   the	
  

preference	
   for	
   the	
   molecular	
   weights	
   desired,	
   where	
   an	
   Fe-­‐based	
   catalyst	
   is	
   most	
  

commonly	
  used	
  with	
  promotors	
  and	
  high	
   surface	
  area	
  binders.	
  Cobalt,	
  while	
  much	
  more	
  

costly,	
  demonstrates	
   lower	
  water-­‐gas-­‐shift	
  reactivity,	
  and	
  is	
  sometimes	
  used	
  to	
   lower	
  the	
  

side	
  reactions	
  to	
  create	
  more	
  diesel	
  products.	
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  Figure	
  1.4.	
  Net	
  carbon-­‐neutral	
  cycle	
  for	
  CO2.	
  

 
The	
  remainder	
  of	
  Chapter	
  1	
  will	
   focus	
  on	
  efforts	
   to	
  overcome	
   the	
   thermodynamic	
  

and	
   kinetic	
   barriers	
   of	
   CO2	
   activation.	
   Section	
   1.3	
   will	
   focus	
   on	
   the	
   biological	
   approach,	
  

while	
   section	
   1.4	
   will	
   divulge	
   synthetic	
   attempts	
   and	
   current	
   approaches	
   towards	
   CO2	
  

activation	
  and	
  reduction.	
  The	
  remainder	
  of	
   this	
   thesis	
  will	
   focus	
  on	
  synthetic	
  approaches	
  

towards	
  developing	
  models	
  to	
  bind	
  and	
  reduce	
  carbon	
  dioxide.	
  Chapter	
  2	
  will	
  describe	
  the	
  

synthesis	
  and	
  characterization	
  of	
  these	
  complexes,	
  detailing	
  the	
  success	
  and	
  challenges	
  of	
  

each	
  ligand	
  design.	
  Chapter	
  3	
  attempts	
  to	
  discuss	
  the	
  characterization	
  of	
  the	
  redox	
  events	
  

seen	
   in	
   the	
  synthesized	
  complexes,	
  as	
  well	
  as	
  other	
   important	
   factors	
  such	
  as	
  stability	
   in	
  

the	
   presence	
   of	
   acids.	
   Chapter	
   4	
   will	
   act	
   as	
   an	
   introduction	
   into	
   the	
   ability	
   of	
   these	
  

complexes	
  to	
  interact	
  with	
  CO2,	
  and	
  the	
  challenges	
  that	
  remain	
  for	
  this	
  project.	
  

	
  

	
  

	
  

CO2

COH2  + CnH(2n+2)

O2

H2O2 H+ 2 e-

H2O
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1.2	
  Thermodynamics	
  of	
  CO2	
  reduction	
  

There	
   are	
   many	
   ways	
   to	
   approach	
   the	
   reduction	
   of	
   CO2.	
   The	
   most	
   common	
  

pathways	
  are	
  listed	
  in	
  Table	
  1.1;	
  however,	
  there	
  are	
  still	
  major	
  challenges	
  to	
  perform	
  these	
  

reactions.	
  For	
  example,	
  CO2	
  is	
  kinetically	
  inert	
  and	
  relatively	
  unreactive,	
  requiring	
  extreme	
  

conditions	
  to	
  convert	
  it	
  into	
  more	
  desired	
  commodity	
  chemicals.	
  The	
  relative	
  inertness	
  of	
  

carbon	
   dioxide	
   lies	
   simply	
   in	
   the	
   bonding	
   geometry.	
   The	
   molecule	
   adopts	
   a	
   linear	
  

geometry,	
  with	
  polar	
  C=O	
  bonds,	
  yet	
  remains	
  nonpolar	
  overall	
  (Figure	
  1.5).	
  In	
  general,	
  only	
  

strong	
   nucleophiles	
   can	
   take	
   advantage	
   of	
   these	
   polar	
   bonds,	
   although	
   this	
   is	
   not	
  

necessarily	
  useful	
  since	
  strong	
  nucleophiles	
  result	
  in	
  net	
  loss	
  of	
  energy	
  with	
  respect	
  to	
  the	
  

thermodynamic	
  cycles.	
  

 

Figure	
  1.5.	
  Polarity	
  of	
  CO2.	
  

 
The	
  general	
   reduction	
  pathways	
   involve	
  2,	
  4,	
  6	
  and	
  8	
  electron	
  processes,	
  with	
   the	
  

addition	
   of	
   protons	
   necessary	
   to	
   complete	
   the	
   charge	
   balance	
   (Table	
   1.1).	
   While	
   the	
  

standard	
   free	
   energy	
   values	
   are	
   only	
   mildly	
   endergonic,	
   the	
   actual	
   potentials	
   at	
   which	
  

reduction	
  occurs	
  happens	
  at	
  more	
  negative	
  potentials	
  than	
  the	
  standard	
  potentials	
   listed.	
  

This	
   excess	
   energy	
   required	
   to	
  perform	
   these	
   reactions	
   is	
   called	
   the	
   overpotential.10	
   For	
  

example,	
   the	
   reduction	
   of	
   CO2	
   to	
   CO	
   on	
   a	
   glassy	
   carbon	
   electrode	
   in	
   the	
   presence	
   of	
   H+	
  

occurs	
  at	
  -­‐2.6	
  V	
  vs.	
  Fc+/0	
   in	
  acetonitrile,	
   lying	
  approximately	
  1.7	
  V	
  more	
  negative	
  than	
  the	
  

approximate	
  value	
  at	
  pH	
  7	
  (equation	
  1.3).11	
  Overpotentials	
  are	
  a	
  measure	
  of	
  inefficiency	
  by	
  

C OO
δ+ δ−δ−
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measuring	
  the	
  excess	
  energy	
  needed	
  to	
  drive	
  the	
  reaction	
  past	
  the	
  standard	
  potential.	
  The	
  

more	
  energy	
  needed	
  to	
  power	
  this	
  reaction	
  results	
  in	
  lower	
  overall	
  yield	
  of	
  energy,	
  which	
  is	
  

undesirable.	
   This	
   overpotential	
   is	
   a	
   consequence	
   of	
   the	
   large	
   activation	
   barriers	
   in	
   the	
  

reductive	
   process.	
   Therefore,	
   to	
   understand	
   the	
   reasons	
   behind	
   the	
   difficulty	
   of	
   this	
  

reaction,	
  one	
  must	
  consider	
   the	
  kinetic	
   limitations,	
   specifically	
   the	
  activation	
  barriers	
   for	
  

individual	
  steps.	
  For	
  most	
  processes,	
  CO2	
  must	
  undergo	
  a	
  geometry	
  change	
  upon	
  reduction,	
  

adopting	
  a	
  bent	
  conformation	
  that	
  results	
   in	
  a	
   large	
  endergonic	
  energy	
  penalty,	
  shown	
  in	
  

equation	
  1.2.	
   It	
   is	
   for	
   this	
  reason	
  that	
  a	
  catalyst	
  must	
  be	
   involved	
  to	
  aid	
   in	
   this	
   first	
  step.	
  

Catalysts	
   increase	
   reaction	
   rates	
   by	
   lowering	
   activation	
   energies	
   through	
   an	
   alternative	
  

mechanism.	
  This	
  thesis	
  mostly	
  concerns	
  electrocatalysts,	
  whereby	
  the	
  catalyst	
  in	
  its	
  resting	
  

state	
  is	
  reduced	
  at	
  an	
  electrode	
  surface,	
  generating	
  a	
  reactive	
  complex	
  that	
  can	
  react	
  with	
  a	
  

substrate	
   such	
   as	
   CO2.	
  One	
   can	
   think	
   of	
   this	
   process	
   as	
   an	
   electrode	
   being	
   the	
   source	
   of	
  

electrons,	
  supplied	
  to	
  the	
  catalyst	
  that	
  is	
  responsible	
  for	
  the	
  reduction	
  of	
  the	
  substrate.	
  

 

Figure	
  1.6.	
  General	
  schematic	
  of	
  an	
  electrocatalyst	
  operating	
  at	
  reducing	
  conditions.	
  

Reactions	
  1.5-­‐1.7	
   involve	
  processes	
   that	
   incorporate	
  more	
   than	
  2	
  e-­‐/H+.	
  While	
   the	
  

endergonic	
  barriers	
  are	
  lower,	
  the	
  kinetics	
  and	
  proton	
  shuttling	
  remain	
  a	
  challenge	
  to	
  drive	
  

these	
   reactions	
   selectively.	
   In	
   addition	
   to	
   the	
   thermodynamic	
   and	
   kinetic	
   barriers	
  

El
ec

tro
de

Catalyst
e-

[Catalyst]- A

A-

Where A = substrate

kcat
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associated	
   with	
   CO2	
   reduction,	
   it	
   is	
   important	
   to	
   remember	
   that	
   protons	
   must	
   be	
   in	
  

solution	
   for	
  most	
   of	
   these	
   processes.	
   The	
   reduction	
   of	
  H+	
   to	
  H2	
   (equation	
   1.8)	
   occurs	
   at	
  

more	
  mild	
  potentials	
   than	
   that	
   for	
   the	
  2	
  electron	
  process	
   for	
  CO2	
  reduction,	
  presenting	
  a	
  

competitive	
  reaction	
  that	
  must	
  be	
  avoided	
  for	
  efficient	
  catalyst	
  systems.	
  This	
  competition	
  

has	
   limited	
   several	
   catalysis	
   in	
   literature,	
   so	
   the	
   development	
   of	
   CO2	
   reduction	
   catalysts	
  

needs	
  to	
  be	
  selective	
  to	
  avoid	
  this	
  competitive	
  reaction.12-­‐14	
  

Table	
  1.1.	
  CO2	
  reduction	
  reactions	
  at	
  pH	
  7	
  vs.	
  NHE	
  at	
  1	
  atm	
  

	
  

	
  

1.3	
  Biological	
  approaches	
  towards	
  CO2	
  binding	
  

Molecular	
   catalysts	
   are	
   often	
   inspired	
   by	
   active	
   sites	
   found	
   in	
   enzymes	
   that	
   can	
  

perform	
   difficult	
   reactions.15-­‐24	
   Many	
   enzymes	
   have	
   inspired	
   fascinating	
   work,	
   such	
   as	
  

FeFe-­‐hydrogenase	
  or	
  the	
  Fe-­‐heme	
  center	
  of	
  hemoglobin.25-­‐37	
  To	
  date,	
  there	
  have	
  been	
  two	
  

enzymes	
   that	
   catalyze	
   the	
   reversible	
   reduction	
   of	
   CO2	
   to	
   CO:	
   the	
   O2-­‐sensitive	
   enzyme	
  

containing	
   a	
   [Fe4S5Ni]	
   site	
   and	
   the	
   aerobic	
   [MoSCu]-­‐containing	
   enzyme	
   found	
   in	
  

Oligotropha	
  carboxidovorans.	
  Both	
  enzymes	
  contain	
  bimetallic	
  metal	
  centers,	
  incorporating	
  

CO2  +  2 e-  +  2 H+ CO  +  H2O

CO2  +  2 e-  +  2 H+

CO2  +  e-

CO2  +  4 e-  +  4 H+ H2CO  +  H2O

CO2

HCOOH

CO2  +  6 e-  +  6 H+ H3COH  +  H2O

CO2  +  8 e-  +  8 H+ CH4   +  2 H2O

E° (V)

-1.9

-0.53

-0.61

-0.48

-0.38

-0.24

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)

(1.7)

H+  +  2 e- H2 (1.8)-0.41
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a	
   hard	
   and	
   soft	
   combination	
   of	
  metals.	
   Of	
   interest	
   to	
   our	
   lab	
   is	
   the	
   [Fe4S5Ni]	
   active	
   site	
  

found	
   in	
   carbon	
   monoxide	
   dehydrogenase	
   (CODH	
   II)	
   of	
   Carboxydothermus	
  

hydrogenoformans,	
  which	
  operates	
   at	
  near	
   thermodynamic	
  potentials	
   (-­‐0.52	
  V	
  vs.	
   SHE	
  at	
  

pH	
  7)	
   to	
   reversibly	
   oxidize	
   CO	
   to	
   CO2.38	
  We	
  want	
   to	
   take	
   inspiration	
   from	
   these	
   sites	
   to	
  

understand	
   how	
   they	
   transfer	
   electrons	
   and	
   protons	
   to	
   catalyze	
   this	
   reaction	
   selectively	
  

and	
  at	
  relatively	
  no	
  overpotential.	
  

 

Figure	
   1.6.	
   Left:	
   crystal	
   structure	
   of	
   CODH	
   II	
   dimer	
   of	
   Carboxydothermus	
  
hydrogenoformans	
  refined	
  at	
  1.3	
  Å	
  (red	
  box	
  indicates	
  the	
  position	
  of	
  the	
  [NiFe]	
  active	
  site.	
  
Right:	
  [NiFe]	
  active	
  site	
  of	
  CODH	
  II	
  bound	
  to	
  CO2.39	
  

 
	
  The	
  active	
  site	
  of	
  CODH	
  II	
  was	
  structurally	
  characterized	
  by	
  Dobbek	
  and	
  company	
  

in	
   2002	
   and	
  was	
   found	
   to	
   contain	
   an	
   iron-­‐sulfur	
   [3Fe-­‐4S]	
   cluster	
   as	
  well	
   as	
   a	
  Ni	
   and	
   Fe	
  

atom	
   bridged	
   to	
   complete	
   the	
   cluster	
   assembly.3,39,40	
   A	
   series	
   of	
   four	
   [4Fe-­‐4S]	
   clusters	
  

shuttles	
   electrons	
   to	
   the	
   active	
   site,	
   where	
   the	
   reversible	
   oxidation	
   of	
   CO	
   occurs.	
   X-­‐ray	
  

crystallographic	
  data	
  and	
  spectroscopic	
  methods	
  have	
  revealed	
  that	
  the	
  active	
  site	
  contains	
  

a	
   square	
   planar	
   Ni(II)	
   ion	
   and	
   an	
   asymmetric	
   high	
   spin,	
   four-­‐coordinate	
   Fe(II)	
   ion,	
  

separated	
  at	
  a	
  distance	
  of	
  2.7	
  Å	
  (Figure	
  1.6).	
  This	
  bimetallic	
  system	
  works	
  cooperatively	
  to	
  

bind	
  CO2,	
  and	
  with	
  the	
  help	
  of	
  the	
  secondary	
  coordination	
  sphere,	
  cleaves	
  the	
  C=O	
  bond	
  to	
  

CO oxidation and CO2 reduction at the active
site, cluster C, of Ni,Fe-CODHases are proposed
to require three different oxidation states differing
by one electron (Cred1, Cint, and Cred2) (6). In this
model, the Cred1 state of cluster C converts CO
to CO2 and is formed at redox potentials below
–200mV (7). At pH = 7.0, the midpoint potential
for the conversion of Cred1 to Cred2 is –530 mV
(8, 9), similar to the normal potential of the
CO2-CO couple of –558 mV (10). Consequently,
Cred2 is generated by a two-electron reduction of
the Cred1 state via Cint (11). The structure of clus-
ter Cwas revealed by crystallographic analysis of
CODHases isolated from Carboxydothermus
hydrogenoformans (CODHIICh) and Rhodo-
spirillum rubrum (CODHRr) at 1.6 and 2.8 Å
resolution, respectively (12, 13). Cluster C in
CODHIICh has been described as an asymmetric
[NiFe4S5] center, which comprises an integral Ni
ion coordinated by four sulfur ligandswith square-
planar geometry (12). An asymmetrically coor-
dinated Fe ion (Fe1) is found close to the Ni ion.
In CO-treated CODHRr, cluster C has a similar
structure with a cubane [NiFe3S4] center linked to
a mononuclear Fe site (13). Corresponding struc-
tures of cluster Cwere also identified in the crystal
structures of bifunctional ACS/CODH isolated
from Moorella thermoacetica (CODHMt) (4, 5).
Mechanisms proposed for the reversible oxida-
tion of CO toCO2 posit the activation of H2O and
CO as well as the stabilization of a metal-bound
COO(H) intermediate. However, the structure of
these states remained elusive. We describe how
H2O and CO2 are bound and activated and
propose a structure-based model for CO oxidation
and CO2 reduction at the Ni-Fe1 site of cluster C.

An expression system for CODHIICh estab-
lished in Escherichia coli enables a one-step
purification of active enzyme. Crystals of recom-
binant CODHIICh diffract up to 1.40 Å resolution
on a rotating anode x-ray generator (table S1). The
overall structure of recombinant CODHIICh is
identical to the structure of native CODHIICh (12).
CODHIICh crystals were held at a defined redox
potential of –600 mV for 3 hours with use of
Ti(III) citrate. These crystals were either directly
frozen in liquid nitrogen, generating the –600 mV
state; oxidized via incubationwithmethylviologen
(MVox) and dithiothreitol (DTT) and then incu-
bated with DTT to give the –320 mV state; or
incubated in the –600 mV solution with NaHCO3

as the CO2 source, generating the –600 mV+CO2

state. The –600 mV state (equivalent in its redox
potential to the Cred2 state) and the –320 mV state
(equivalent to the Cred1 state) display practically
identical structures for cluster C (Fig. 1, A and C).
In both structures, the Ni ion is coordinated by
three sulfur ligands with distorted T-shaped
coordination geometry (Fig. 1, A and C, and table

S3). Fe1 is coordinated by His261 (H261), Cys295

(C295), a m3-sulfido ligand, and a monoatomic
ligand (Fig. 1, A and C, and figs. S2 and S4). A
weakly occupied alternative position for Fe1
(Fe1B) is observed in both states (Fig. 1 and
table S2). The monoatomic ligand is a distance
of 2.7 Å from the Ni ion and occupies the
position that would complete the square-planar
coordination of the Ni. The electron density of
the ligand can be modeled as a light atom (C, N,
or O) with occupancies of about 60 to 70% or a
sulfur atom with 30% occupancy. The observed
Fe-ligand bond lengths of 1.93 to 1.95 Å are
atypical for Fe-S bonds, whereas a H2O/OH

–

ligand is consistent with the refined bond length,
the relative occupancies of ligand and Fe1 (table

S2), and spectroscopic investigations of the
Cred1 state. The long distance between Ni and
the ligand suggests a weak Ni-OHx interaction.
A H2O/OH

– ligand has been detected bound
to a high spin Fe2+ ion called ferrous component II
(FCII) in the Cred1 state (14, 15), so the crystal
structure is consistent with Fe1 in the –320 mV
state being FCII.

In the presence of appropriate reducing agents,
Ni,Fe-CODHases can catalyze the reduction of
CO2 (16). The structure of CODHIICh with CO2

(–600 mV+CO2 state) reveals a triatomic ligand
bridging Ni and Fe1, which replaces the water/
hydroxo ligand at Fe1 (Fig. 1B). Modeling the
ligand as CO2 fully satisfies the observed electron
density maps, whereas modeling with one or two

Laboratorium Proteinkristallographie and Forschungszen-
trum für Bio-Makromoleküle, Universität Bayreuth, D-95440
Bayreuth, Germany.

*To whom correspondence should be addressed. E-mail:
holger.dobbek@uni-bayreuth.de

Fig. 1. The –600mV (A), –600mV+CO2 (B) and –320mV (C) states of cluster C. 2Fobs – Fcalc maps in blue
are contoured at 1s, and Fobs – Fcalc maps in green are contoured at 4.5s. For the calculation of the Fobs –
Fcalc map, the OHx ligand [(A) and (C)] and the CO2 ligand (B) have been removed from the model. An
alternative position found for Fe1, termed Fe1B, is depicted in transparent light gray. The occupancies for
the alternative position have been estimated to 10 to 30%. Selected distances are shown in Å. For more
details on the geometry of the three states, see figs. S2 to S4. All pictures were prepared by using PyMol (23).
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cluster in the interface as the new cluster D,
does not necessarily coincide with the spectro-
scopic cluster B and is retained to conform to
the traditional nomenclature.

Each subunit comprises three domains,
the NH2-terminal, the middle, and the
COOH-terminal domain (Fig. 2). The NH2-
terminal domain (residues 4 to 237) is pre-
dominantly !-helical and can be separated
into two functional subdomains. The first
subdomain (residues 3 to 72) contains two
binding regions for clusters B and D (Fig. 2).
Three NH2-terminal ! helices are followed
by a small double-stranded " sheet, which
contributes to binding the two [4Fe-4S] clus-
ters, as well as separating them. Cluster D
establishes the covalent link between the two
monomers. It lies on the crystallographic
two-fold axis relating the subunits and is
coordinated to each through Cys39 and Cys47.
Cluster B (or B#) is coordinated by Cys48,
Cys51, Cys56, and Cys70, corresponding to a
binding motif of CysX2CysX4CysX13Cys,
which is similar to the binding motif charac-
teristic of low-potential [4Fe-4S] ferredoxins
(CysX2CysX2CysXnCys) (14). The ho-
modimer is created by an approximately or-
thogonal interaction between this three-helix
bundle and its symmetrical partner, and the
covalent linkage through cluster D. The tight
association of the dimer is illustrated by its
extensive interface, which covers about 16%
of the total accessible surface of the mono-
mer. The middle and the COOH-terminal
domains both show a Rossmann-fold topolo-
gy and superpose with a root mean square
(rms) deviation of 1.7 Å.
Active site cluster. The mixed-type Ni-

Fe clusters C and C# in C. hydrogenoformans
CODH appear to be the active sites of CO
oxidation (Fig. 3). This view agrees with
genetic evidence and extensive kinetic, elec-
tron nuclear double-resonance (ENDOR)
spectroscopy, and rapid freeze-quench EPR

studies by several groups on the CODHs
from R. rubrum and C. thermoaceticum (2,
10, 15–17). In the CODH from C. hydrog-
enoformans, cluster C is located about 18 Å
below the protein surface close to the subunit
interface. Cluster C contains one Ni atom,
four Fe atoms, and five labile sulfur atoms,
which are arranged as an asymmetrical het-
eronuclear [Ni-4Fe-5S] cluster (Fig. 3). The
metal ions of the cluster are covalently bound
to the protein by five cysteine residues and
one histidine residue, which originate from
the middle (Cys295, Cys333, His261) and

COOH-terminal (Cys446, Cys476, Cys526) do-
mains. All Fe atoms of the cluster are tetra-
hedrally coordinated. The geometry of a
[3Fe-3S] subsite assembled by Fe2, Fe3, and
Fe4 and three $3-S atoms of cluster C (Fig.
3A) approximates the corresponding geome-
try of a cubane-type [4Fe-4S] cluster. Fe1 is
unusually coordinated by S% of Cys295 and
Nε2 of His261 (Fig. 3A). The distances be-
tween the irons in the [3Fe-3S] subsite, which
range from 2.6 to 2.8 Å, are similar to those
usually found in [2Fe-2S], [3Fe-4S], and
[4Fe-4S] clusters. The sequestered position

Fig. 1. Stereo presentation of the CODH II dimer of Carboxydothermus hydrogenoformans. The
subunits are colored differently. The left subunit is colored from blue at the NH2-terminus via green
through yellow to red at its COOH-terminus. The right subunit is colored according to its secondary
structure, with red for ! helices and green for " sheets. Figures 2, 3, and 5 were also created by
using BOBSCRIPT (36) and RASTER3D (37).

Fig. 2. Fold topology of the CODH II monomer. (A) Stereoview of one subunit. The subunit can be
divided into three domains. The NH2-terminal domain shows a predominantly !-helical fold and is
depicted in red. The two [4Fe-4S] clusters B and D are bound by the NH2-terminal domain. Only
one-half of cluster D is shown, as the complete cluster is shared between the monomers. Cluster
C is coordinated by residues of the middle (green) and the COOH-terminal domain (blue) and is
close to the interface of the three domains. (B) Isolated domains (NH2-terminal, middle, and
COOH-terminal domain from left to right) are colored according to their secondary structure.
These domains are oriented differently from those in (A) in order to display their arrangement of
secondary structure elements. NH2- and COOH-terminal residues of the domains are marked by
the corresponding sequence numbers.

Table 2. Refinement statistics.

Parameter Value

No. of measured reflections* 196,092
No. of independent reflections 57,646
Resolution range (Å) 19–1.63
No. of nonhydrogen atoms 5435
Protein residues 633
Water molecules 838
I/&(I) overall (1.72–1.63 Å) 9.8 (1.9)
Crystallographic R-factor 16.1
Free R-factor† 20.9
Average B-factor for protein (Å2) 17.8
r.m.s.d. in bond lengths (Å) 0.006
r.m.s.d. in bond angles (°) 1.9
r.m.s.d 'B (Å2) 4.6

*In the data set used for refinement, collected at ( )
1.5418 Å, Friedel mates were merged for refinement.
†The free R-factor was calculated from 3% of the data,
removed at random before the refinement was carried
out. r.m.s.d., root mean square deviation.

R E S E A R C H A R T I C L E
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generate	
   CO.	
   The	
   oxidation,	
   or	
   reverse	
   process,	
   occurs	
   at	
   rates	
   of	
   40,000	
   s-­‐1	
   while	
   the	
  

reduction	
   reaction	
   occurs	
   at	
   a	
   modest	
   45	
   s-­‐1.38	
   This	
   cooperative	
   binding	
   is	
   essential	
   to	
  

lowering	
  the	
  activation	
  barrier,	
  as	
  can	
  be	
  seen	
  by	
  the	
  negligent	
  overpotentials	
  observed.	
  It	
  

is	
   generally	
   thought	
   that	
   when	
   reduced,	
   Ni(I)	
   acts	
   as	
   a	
   Lewis	
   base	
   to	
   interact	
   with	
   the	
  

LUMO	
  of	
  CO2,	
  wherby	
  it	
  coordinates	
  to	
  the	
  carbon	
  atom	
  as	
  evidenced	
  by	
  X-­‐ray	
  diffraction.	
  

The	
  resulting	
  negative	
  charges	
  that	
  are	
   localized	
  on	
  the	
  oxygen	
  atoms	
  are	
  then	
  stabilized	
  

by	
   the	
   Lewis	
   acidic	
   iron,	
   along	
   with	
   hydrogen	
   bonding	
   in	
   the	
   secondary	
   coordination	
  

sphere,	
  to	
  help	
  lower	
  the	
  endergonic	
  penalty	
  described	
  in	
  section	
  1.2.	
   

The	
  aerobic	
  CODH	
  utilizes	
  a	
   [MoCu]	
  cluster	
   to	
  aid	
   in	
   the	
  oxidation	
  of	
  CO	
   to	
  CO2.41	
  

The	
  use	
  of	
  a	
  bimetallic	
  system	
  again	
  indicates	
  the	
  importance	
  of	
  the	
  Lewis	
  base/acid	
  pair	
  to	
  

stabilize	
   the	
   carboxylate	
   intermediates.	
   The	
  mechanism	
  by	
  which	
  CO	
   is	
   oxidized	
  has	
   not	
  

been	
   fully	
  described,	
   and	
   the	
   turnover	
   is	
   lower	
  at	
  100	
   s-­‐1	
   compared	
   to	
   the	
   [NiFe]	
  CODH.	
  

The	
   reducing	
   capability	
  of	
  Cu(I)	
   is	
  not	
  a	
  powerful	
   enough	
   for	
   reaction	
  1.3,	
   and	
   therefore	
  

has	
  not	
  been	
  studied	
  as	
  intensely	
  as	
  the	
  [NiFe]	
  equivalent.42-­‐44	
  	
  

Our	
  aim	
   is	
   to	
  utilize	
   first	
   row	
  transition	
  metals	
  and	
  maximize	
   the	
  efficiency	
  of	
   the	
  

catalyst	
   (i.e.	
   turnover	
  number,	
  rate,	
  overpotential,	
  etc).	
  We	
  believe	
   the	
   incorporation	
  of	
  a	
  

bimetallic	
  framework	
  that	
  works	
  with	
  first-­‐row	
  transition	
  metals	
  has	
  the	
  capability	
  to	
  work	
  

cooperatively	
   to	
   bind	
   CO2	
   and	
   stabilize	
   the	
   carboxylate	
   intermediate,	
   similar	
   to	
   the	
  

[Fe4S5Ni]	
  cubane	
  shown	
  in	
  Figure	
  1.7.	
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Figure	
  1.8.	
  Proposed	
  catalytic	
  cycle	
  of	
   [MoCu]	
  CODH.	
  Left:	
  Based	
  on	
   isocyanide	
   inhibited	
  
enzyme.	
  Right:	
  Based	
  on	
  CO	
  coordination	
  to	
  Cu.	
  Figure	
  taken	
  from	
  Ref.	
  3.	
  

	
  

1.4	
  Synthetic	
  approaches	
  towards	
  CO2	
  binding	
  	
  

Since	
   the	
   1970’s,	
   CO2	
   utilization	
   has	
   generated	
   a	
   large	
   amount	
   of	
   interest.	
   A	
   vast	
  

number	
  of	
  synthetic	
  systems	
  have	
  been	
  designed,	
  where	
  many	
  focus	
  on	
  the	
  2e-­‐	
  reduction	
  

processes	
  (equations	
  1.2	
  &	
  1.3,	
  see	
  below	
  for	
  examples).	
  As	
  mentioned	
  previously,	
  one	
  of	
  

the	
  main	
  issues	
  other	
  than	
  chemical	
  inertness,	
  is	
  selectivity,	
  with	
  many	
  of	
  these	
  promising	
  

catalysts	
  more	
  suited	
  for	
  H+	
  over	
  CO2	
  reduction.	
  Almost	
  all	
  known	
  CO2	
  reduction	
  catalysts	
  

contain	
  metal	
   centers.	
   It	
   is	
   worth	
   noting	
   that	
  many	
   of	
   these	
  metal	
   centers	
   are	
   precious	
  

metals,	
   such	
   as	
   Pt,	
   Ru	
   &	
   Rh	
   and	
   it	
   is	
   desirable	
   to	
   develop	
   catalysts	
   that	
   contain	
   earth	
  

abundant	
  metals	
  when	
  thinking	
  of	
  the	
  costs	
  on	
  a	
  large	
  scale.13,14,45-­‐56	
  	
  

For	
   CO2	
   reduction	
   by	
  molecular	
   complexes,	
   the	
  mechanism	
   can	
   be	
   separated	
   into	
  

four	
  general	
   reactions:	
   electron	
   transfer	
   to	
   the	
   complex,	
  CO2	
  binding,	
  C-­‐O	
  bond	
  cleavage,	
  

and	
  release	
  of	
  CO.	
  The	
  following	
  breaks	
  down	
  the	
  requirements	
  individually.	
  

complete the coordination sphere. The second coordination
sphere of Mo contains several residues that are within
hydrogen-bonding distances of the oxo and hydroxo ligands.
The CuI ion exhibits a linear two-coordinate geometry with a
second sulfur atom from a cysteine residue completing its first
coordination sphere. The reduced form of the active site retains
the same overall geometry, but with a lengthening of the Cu−
Mo distance and the Mo−O bond distances to the oxo and
hydroxy ligands.
In the n-butylisonitrile-inhibited enzyme, the C atom of the

isonitrile has inserted into the Cu−S bond concomitant with
formation of a C−O bond to the terminal OH ligand. The
insertion of the RNC group into the Cu−S bond results in an
increase in the Cu---Mo distance from 3.74 to 5.07 Å. The N
atom of isonitrile is bound to Cu, which remains in a linear
coordination environment, ligated to the N atom of n-
butylisonitrile and the S atom of Cys-388. Studies on the n-
BuNC-inhibited enzyme point to the mechanism A (shown on
the left of Scheme 3) for the CO oxidation pathway. In this
scheme, the reaction of a MoVI oxo/hydroxy species with CO
leads to the formation of the reduced MoIV state with a
thiocarbonate insertion product analogous to that observed for
the isonitrile adduct 23. This thiocarbonate intermediate then
loses CO2 to regenerate the reduced form of the active site, a
MoIV species (22). Oxidation of 22 by two electrons
regenerates the oxidized form of the active site 21.
Some caution must be exercised regarding this mechanism,

because it is possible that the n-BuNC derivative is simply a
thermodynamic trap that is not relevant to the CO/CO2
interconversion. It is well-known that CuI species form adducts
with CO, and the stretching frequencies, νCO, for such adducts
are generally high, often near 2100 cm−1.53 This suggests the
possibility of mechanism B (shown on the right in Scheme 3)
in which CO coordinates to copper followed by nucleophilic
attack of a Mo−OH group on the Cu−CO center. This
alternate mechanism has been proposed for MoCu−CODH,54
based on theoretical calculations, and would entail less
structural change of the Mo−S−Cu subunit during catalysis.
An interesting feature of either mechanism is that, although Mo
undergoes a change in oxidation state, unlike Ni in the [NiFe]
CODH, Mo does not bind CO2 via a Mo−C bond.
4.2.4. Synthetic Models of [MoCu] CO Dehydro-

genases. Structural models of [MoCu] CODHs are available,
for example, the formally MoVCuI complex 24 (R = t-Bu, R′ = i-
Pr).55 The EPR spectrum of this formally MoVCuI species
indicates that the singly occupied molecular orbital contains

significant Cu character, accounting for the large Cu hyperfine
coupling constants observed. Functional models of [MoCu]
CODH containing both Mo and Cu have proven challenging.
Copper(I) readily forms 2-coordinate Cu(SR)2 sites, but
synthetic compounds with molybdenyl-centers linked to such
coordinatively unsaturated 2-coordinated copper centers
remain elusive.55,56

4.3. Formate Dehydrogenases and Related Synthetic
Catalysts

4.3.1. Metal-Independent Formate Dehydrogenases.
The most prevalent class of formate dehydrogenases are NAD+-
dependent. They play an important role in the energy
conversion reactions of methylotrophic aerobic bacteria,
fungi, and plants.57 These enzymes are thought to function
by a direct hydride transfer from the C atom of formate to the
C4 atom of the pyridine ring of NAD+, with hydride ion
transfer being the rate-limiting step in the mechanism.58

Formate (and the competing substrate azide) and NAD+ are
positioned in close proximity to facilitate hydride transfer. In
the 1.1 Å structure, NAD+ is observed to adopt its bipolar
conformation, which increases partial positive charge and
electrophilicity of the C4 atom of the coenzyme and, thus,
facilitates the hydride ion transfer.57a In vivo this reaction
proceeds irreversibly.
This class of enzymes is characterized by the fact that both

the proton and two electrons, in the form of a hydride, are
transferred together from one site directly to another site. Azide
(N3

−), which is virtually isostructural with CO2, is a transition
state analogue of both metal free and molybdenum formate
dehydrogenases.58b In contrast, the Mo- and W-containing
formate dehydrogenase enzymes oxidize formate by the transfer
of two electrons to the Mo/W centers, concomitant with

Scheme 3. Proposed Mechanisms for the Oxidation of CO to CO2 by [MoCu] CODHa

aA: Mechanism implicated by the structure of the n-BuNC-inhibited enzyme. B: Mechanism involving CO coordination to Cu and attack of Mo−
O(H) on C atom of carbonyl.

Chemical Reviews Review

dx.doi.org/10.1021/cr300463y | Chem. Rev. XXXX, XXX, XXX−XXXK
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Electron	
   transfer	
   to	
   the	
   complex	
   is	
   dictated	
   by	
   the	
   reduction	
   potentials	
   of	
   the	
  

complex.	
  The	
  overall	
  reduction	
  of	
  CO2	
  to	
  CO	
  is	
  a	
  2e-­‐	
  process,	
  however,	
  only	
  a	
  single	
  electron	
  

is	
   required	
   to	
   bind	
   CO2	
   to	
   the	
   complex.	
   During	
   catalysis,	
   a	
   second	
   electron	
   is	
   needed	
   to	
  

complete	
   the	
   reaction.	
   The	
  potential	
   at	
  which	
   this	
   occurs	
   can	
  depend	
  on	
   several	
   factors,	
  

such	
  as	
  the	
  influence	
  of	
  the	
  bound	
  carboxylate	
  on	
  the	
  metal	
  center.	
  This	
  can	
  influence	
  the	
  

second	
   reduction,	
   whereby	
   the	
   potential	
   needed	
   is	
   not	
   necessarily	
   at	
   the	
   potential	
   to	
  

reduce	
  the	
  complex	
  by	
  2e-­‐	
  in	
  the	
  absence	
  of	
  CO2.	
  

After	
  electron	
  transfer	
  to	
  the	
  complex,	
  a	
  binding	
  event	
  occurs	
  between	
  CO2	
  and	
  the	
  

catalyst.	
  As	
  mentioned	
  in	
  Section	
  1.2,	
  at	
   low	
  overpotentials,	
  binding	
  is	
  generally	
  regarded	
  

as	
  the	
  rate-­‐limiting	
  step.	
  This	
  is	
  true	
  for	
  many	
  complexes	
  with	
  varying	
  metals,	
  such	
  as	
  Ni,	
  

Fe,	
  Co	
  and	
  Pd.	
  The	
  rate	
  constant	
  is	
  dependent	
  on	
  the	
  potentials	
  at	
  which	
  reduction	
  occurs,	
  

where	
  more	
  negative	
  potentials	
  increase	
  the	
  rate	
  of	
  the	
  reaction	
  linearly	
  with	
  k.	
  The	
  rate	
  of	
  

binding	
  does	
  not	
  necessarily	
  dictate	
  the	
  overall	
  catalytic	
  rate,	
  since	
  the	
  binding	
  of	
  CO2	
  with	
  

complexes	
  at	
  higher	
  overpotentials	
  is	
  not	
  the	
  rate-­‐limiting	
  step.	
  	
  

Once	
  bound,	
  the	
  C-­‐O	
  bond	
  must	
  be	
  cleaved	
  to	
  generate	
  CO	
  and	
  O2-­‐.	
  This	
  step	
  varies	
  

between	
  complexes	
  and	
  may	
  require	
  a	
  second	
  electron,	
  protons,	
  or	
  solvent	
  rearrangement	
  

in	
  order	
   for	
   the	
  reaction	
   to	
  occur.	
   In	
   the	
  absence	
  of	
  protons,	
   the	
  O2-­‐	
  acceptor	
   is	
  a	
  second	
  

equivalent	
   of	
   CO2	
   to	
   generate	
   carbonate	
   and	
   CO.	
   In	
   the	
   presence	
   of	
   protons,	
   water	
   is	
  

formed	
  from	
  this	
  oxide	
  and	
  the	
  rate	
  of	
  C-­‐O	
  cleavage	
  is	
  influenced	
  by	
  proton	
  concentration.	
  

Again,	
  more	
  negative	
  potentials	
   increase	
   the	
  rate	
  of	
  C-­‐O	
  cleavage,	
  but	
  are	
  not	
  desired	
   for	
  

efficient	
  electrocatalysts	
  due	
  to	
  high	
  overpotentials.	
  	
  

Once	
   the	
   oxide	
   has	
   been	
   transferred,	
   it	
   is	
   necessary	
   to	
   release	
   CO.	
   Since	
   CO	
   is	
  

regarded	
   as	
   a	
   strong	
   ligand,	
   this	
   release	
  may	
   impede	
   reaction	
   rates	
   if	
   the	
  M-­‐CO	
   bond	
   is	
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strong.	
   The	
   strength	
   of	
   the	
   M-­‐CO	
   can	
   potentially	
   be	
   modulated	
   by	
   the	
   coordination	
  

geometry	
  of	
  the	
  metal	
  ion	
  that	
  is	
  bound	
  to	
  CO.	
  	
  

	
  

1.4.1	
  Synthetic	
  models	
  utilizing	
  cooperative	
  interactions	
  

	
   Of	
  the	
  complexes	
  that	
  can	
  reduce	
  carbon	
  dioxide,	
  many	
  of	
  the	
  successful	
  examples	
  

utilize	
  a	
  cooperative	
  interaction	
  to	
  aid	
  in	
  the	
  binding	
  of	
  CO2.3,57	
  Metal	
  cyclams,	
  specifically	
  

Ni(I)	
  and	
  Co(I),	
  have	
  been	
  extensively	
  studied	
  as	
  electrocatalysts	
  since	
  the	
  early	
  1980’s	
  by	
  

Fujita	
  et.	
  al.58-­‐62	
  Amine	
  protons	
  in	
  the	
  secondary	
  coordination	
  sphere	
  play	
  an	
  intricate	
  role	
  

in	
   the	
   reactivity	
   of	
   the	
   complex.	
   Substitution	
   of	
   these	
   protons	
   to	
   methyl	
   substituents	
  

prevents	
  this	
  hydrogen	
  bonding	
  to	
  the	
  carboxylate	
  and	
  limited	
  reaction	
  with	
  CO2	
  occurs.	
  In	
  

addition,	
   the	
   stereoposition	
   of	
   the	
   protons	
   influences	
   the	
   binding	
   constants	
   of	
   the	
  

substrate,	
  where	
  protons	
  directed	
  towards	
  the	
  binding	
  site	
  increases	
  the	
  rate	
  of	
  reduction	
  

as	
  opposed	
  to	
  protons	
  directed	
  opposite	
  of	
  the	
  binding	
  site.	
  	
  

     

Figure	
  1.9.	
  Proposed	
  representation	
  of	
  CO2	
  bound	
  to	
  a	
  Co(cyclam)	
  complex.	
  

 
Work	
   done	
   by	
   Dubois	
   and	
   coworkers	
   in	
   the	
   early	
   1990’s	
   demonstrated	
   the	
  

effectiveness	
   of	
   [Pd(triphosphine)solvent]2+	
   complexes	
   towards	
   CO2	
   reduction	
   in	
  

acetonitrile.63-­‐65	
  The	
  electrogenerated	
  Pd(I)	
  complex	
  at	
  -­‐1.28	
  V	
  is	
  strong	
  enough	
  to	
  interact	
  

N N

N N
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H
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with	
   CO2,	
   while	
   Pd(0)	
   is	
   required	
   for	
   H+	
   reduction	
   (Figure	
   1.10).	
   The	
   most	
   productive	
  

[Pd(triphosphine)solvent]2+	
   derivative,	
   containing	
   an	
   ethyl	
   backbone	
   (designated	
   etpC),	
  

showed	
  Faradaic	
  efficiencies	
  of	
  85%	
  for	
  CO	
  vs.	
  16%	
  for	
  H2,	
  displaying	
  high	
  selectivity	
  for	
  

CO2	
  reduction	
  over	
  H+	
  reduction.	
  Turn	
  over	
  frequencies	
  (TOF)	
  ranged	
  from	
  1-­‐60	
  s-­‐1,	
  while	
  

the	
   turnover	
   numbers	
   (TON),	
   however,	
   peaked	
   at	
   a	
   modest	
   130.	
   This	
   is	
   due	
   to	
   the	
  

formation	
  of	
  a	
  Pd-­‐Pd	
  bond	
  with	
  a	
  second	
  equivalent	
  of	
  the	
  complex	
  during	
  electrocatalysis,	
  

where	
  the	
  dimer	
  shows	
  no	
  reactivity	
  towards	
  CO2	
  reduction.	
  	
  

 

Figure	
  1.10.	
  Proposed	
  catalytic	
  cycle	
  for	
  [Pd(triphosphine)solvent]2+	
  complexes.	
  Figure	
  
taken	
  from	
  Ref	
  3.	
  	
  

 
Bipalladium	
   complexes	
   were	
   developed	
   in	
   an	
   attempt	
   to	
   invoke	
   cooperative	
  

effects.48	
   The	
   TOF	
   increased	
   by	
   103	
   M-­‐1s-­‐1,	
   however,	
   the	
   TON	
   decreased	
   dramatically	
  

through	
   rapid	
   deactivation.	
   It	
   is	
   interesting	
   to	
   note	
   that	
   although	
   the	
   TON	
   was	
   still	
  

strong one-electron reductants. The CO2 binding constants
span a large range, from less than 1 to 108 M−1,40a,41 and both
the binding constants and the second-order rate constants
largely correlate with the MII/I reduction potentials in organic
solvents. Solvent effects can be large,40a,41b and water exerts an
especially large effect, which may be due to hydrogen bonding
to the CO2 ligand.
In addition to this intermolecular hydrogen bonding,

intramolecular hydrogen bonding to ligand NH protons has
been demonstrated for a Co−CO2 adduct, 17, where the CoI

center donates two electrons to the bound CO2 to form a CoIII-
carboxylate.41a,42 In nonpolar solvents such as tetrahydrofuran
(THF), ion pairing is important.43 For example, the binding
constant of [Co(7,7′-dimethylsalen)]−1 for CO2 in THF is over
100 times larger when NaCF3SO3 is the supporting electrolyte
as compared to [Bu4N]CF3SO3.

41b These observations indicate
that the binding of CO2 is controlled by a combination of inner
sphere (redox potential, nucleophilicity) and secondary
interactions (hydrogen bonding, ion pairing). The stabilizing
effects of hydrogen bonding and ionic interactions observed for
these discrete complexes are similar to the hydrogen-bonding
interactions inferred for the active sites of [NiFe] CO
dehydrogenases.
Highly active molecular electrocatalysts for reduction of CO2

to CO are the complexes [Pd(triphosphine)(solvent)]2+ shown
in Scheme 2 (triphosphine = RP(CH2CH2PR′2)2, where R and

R′ can be aryl or alkyl substituents).44 The catalytic mechanism
shown has been studied in detail, and it illustrates important
steps that are common to many catalysts known to reduce CO2
to CO, as well as some unique features that are also present in
the [NiFe] CODH enzymes. To simplify discussion of this
catalytic cycle, four critical steps are emphasized: electron
transfer to reduce PdII, CO2 binding to the PdI center, C−O
bond cleavage with a formal loss of O2−, and dissociation of
CO.
4.2.2.1. Electron Transfer. In the process of reducing CO2 to

CO, two electrons must be transferred. In Scheme 2, one
electron transfer occurs immediately before CO2 binding, and
the second electron transfer occurs two steps later, after
protonation of the bound CO2. Clearly the two electron

transfer steps are not concerted, but are regulated or gated by
intervening chemical steps. The intervention of chemical steps
between electron transfer steps is a general observation for
electrocatalyzed reductions of CO2. Because of this gating
mechanism, concerted two-electron reductions of the metal
center are not required for efficient catalysis.

4.2.2.2. CO2 Binding in Monofunctional Catalysts. In
Scheme 2, the reduction of PdII to PdI (step 1) is immediately
followed by CO2 binding (step 2) to form a metal carboxylate
complex, M−CO2. For the Pd(triphosphine)(solvent)]2+

catalysts shown in Scheme 2, the reaction of PdI with CO2 is
the rate-determining step at high acid concentrations (greater
than 0.01 M) with second-order rate constants ranging from 5
to 300 M−1 s−1 corresponding to catalytic turnover frequencies
of 1−60 s−1 under 1.0 atm of CO2 in acetonitrile or
dimethylformamide.44a,e As with the NiI and CoI complexes
discussed above, the rate constants for the reaction of the PdI

intermediates with CO2 are dependent on the potential of the
PdII/I couple, and a linear dependence is observed between
ln(k) and E1/2(II/I).

44c The first two steps in Scheme 2,
electron-transfer and CO2 binding, are also common to
macrocyclic Fe, Co, and Ni catalysts. One-electron reductions
are followed by reaction with CO2.

39b,45 However, for these Fe,
Co, and Ni macrocycles, which operate at much more negative
potentials than the Pd phosphine complexes, the rate-
determining step is not the reaction of CO2 with the reduced
metal species. For example, the rate of reaction of CoI(rac-L)
(L = 16) with CO2 is 1.7 × 108 M−1 s−1,41a but the overall
catalytic rates are on the order of a few turnovers s−1. Similarly,
the reduced Fe tetraphenylporphyrin complexes react very
rapidly with CO2, but generation of the reduced forms of these
catalysts requires very negative potentials. CO2 binding is not
generally the rate-determining step for catalysts reduced at very
negative potentials.45a−c,e−h However, for catalysts operating at
more positive potentials (lower overpotentials) such as the Pd
catalysts shown in Scheme 2, CO2 binding can become rate
limiting.

4.2.2.3. C−O Bond Cleavage (Oxide Transfer). Once CO2
has added to the reduced metal complex, C−O bond cleavage
must occur to form CO, as observed in Scheme 1 for [NiFe]
CODH. This fundamental reaction was shown to occur
stoichiometrically upon reaction of reduced complexes of
CO2 with even weak proton donors. In a classic example,
treatment of Ni(η2-CO2)(P(C6H11)3)2 with H2S gives CO
complexes.62,46 This process normally begins with O-proto-
nation of the bound CO2 molecule to form a metallocarboxylic
acid47 (step 3 of Scheme 2). Alternatively, metal carboxylates
can also interact with a Lewis acid such as Na+ or Mg2+, or even
a second molecule of CO2.

45f−h For the cobalt and nickel
macrocyclic catalysts, CO2 is the ultimate oxide acceptor
resulting in carbonate salts and CO formation. The C−O bond
cleavage may be the rate-determining step for some of these
macrocylic Co and Ni catalysts.45d,48

For the [Pd(triphosphine)(solvent)]2+ complexes shown in
Scheme 2, the metallocarboxylic acid formed in step 3 does not
spontaneously undergo C−O bond cleavage. Before C−O
bond cleavage can be achieved, an additional electron transfer
(step 4), solvent dissociation (step 5), and a second
protonation (step 6) are required. In this reaction sequence,
the loss of a weakly coordinated solvent molecule (step 5) is
critical. This produces a vacant site on the metal for water to
occupy as the C−O bond is broken to form coordinated CO
and water (step 7).44b This C−O bond cleavage reaction is the

Scheme 2. Proposed Mechanism for the Reduction of CO2
to CO Catalyzed by [Pd(triphosphine)(solvent)]2+

Complexes

Chemical Reviews Review

dx.doi.org/10.1021/cr300463y | Chem. Rev. XXXX, XXX, XXX−XXXI



15	
  
	
  

hindered,	
  the	
  TOF	
  increased	
  substantially.	
  It	
  is	
  proposed	
  that	
  one	
  Pd	
  center	
  interacts	
  with	
  

the	
   LUMO	
   of	
   carbon	
   while	
   the	
   second	
   Pd	
   binds	
   the	
   oxygen,	
   similar	
   in	
   manner	
   to	
   the	
  

bimetallic	
  interactions	
  seen	
  in	
  CODH	
  II.	
  The	
  Pd-­‐Pd	
  bond	
  formation	
  is	
  likely	
  due	
  to	
  identical	
  

redox	
  potentials	
  for	
  each	
  Pd	
  atom,	
  something	
  that	
  is	
  likely	
  prevented	
  in	
  CODH	
  II	
  by	
  the	
  use	
  

of	
  two	
  varying	
  metals.	
  	
  

 

Figure	
   1.11.	
  Proposed	
   structure	
   of	
   CO2	
   bound	
   to	
   the	
   bipalladium	
   phosphine	
   complexes	
  
developed	
  by	
  Dubois	
  &	
  co.	
  Figure	
  taken	
  from	
  Ref	
  3.	
  	
  

 
In	
  the	
  1980’s,	
  Floriani,	
  Zanazzi,	
  Pletcher,	
  Lewis,	
  and	
  others	
  observed	
  the	
  reactivity	
  

of	
   Co(salen)66,67	
   in	
   the	
   presence	
   of	
   alkali	
   ions	
   in	
   DMF	
   solutions.12,61,68-­‐72	
   Reduction	
   of	
  

Co(salen)	
  in	
  the	
  presence	
  of	
  M+	
  (where	
  M	
  =	
  Li,	
  Na,	
  K,	
  Cs)	
  leads	
  to	
  complexation	
  of	
  the	
  alkali	
  

metal	
  with	
  the	
  oxygen	
  atoms	
  of	
  the	
  salen	
  ligand.	
  This	
  Co(I)	
  bimetallic	
  complex	
  is	
  then	
  able	
  

to	
  bind	
  CO2	
  across	
  the	
  Co-­‐Li	
   interface.	
  Co(I)	
   is	
  a	
  strong	
  enough	
  reductant	
  to	
  interact	
  with	
  

the	
   carbon	
   atom	
   with	
   the	
   Lewis	
   acidic	
   M+	
   available	
   to	
   stabilize	
   the	
   resulting	
   negative	
  

charge	
   as	
   described	
   above.	
   This	
   complex	
   is	
   able	
   to	
   reduce	
   CO2	
   to	
   CO,	
   albeit	
   with	
   low	
  

turnovers.	
  In	
  the	
  absence	
  of	
  H+,	
  the	
  2e-­‐	
  reduction	
  proceeds	
  via	
  bicarbonate	
  formation	
  using	
  

two	
  equivalents	
  of	
  CO2,	
  as	
  shown	
  in	
  Figure	
  1.13.12	
  The	
  complex	
  formed	
  upon	
  reduction	
  of	
  

Co(salen)	
  by	
  1	
  e-­‐	
  in	
  the	
  presence	
  of	
  Li	
  and	
  CO2	
  was	
  crystallized	
  to	
  show	
  carbon	
  dioxide	
  was	
  

bound	
  across	
  the	
  metal	
  centers.	
  A	
  second	
  equivalent	
  of	
  CO2	
  binds,	
  where	
  a	
  second	
  electron	
  

rate-determining step for these catalysts at low acid
concentrations, as it is for Fe(porphyrin) catalysts at low acid
concentrations (H+, Mg2+, or CO2).

45f−h In the Fe porphyrin
case, catalysis occurs at approximately −2.0 V vs the
ferricenium/ferrocene couple, much more negative than those
of the [Pd(triphosphine)(solvent)]2+ complexes (−1.1 to −1.4
V). This more negative potential facilitates the loss of water (or
carbonate) and cleavage of the C−O bond for the Fe catalysts.
In the Fe porphyrin case, a vacant coordination site is not
required to achieve high catalytic rates, but large overpotentials
are observed as a result. The role of a vacant coordination site
for C−O bond cleavage for the Pd catalysts suggests that
similar vacant coordination sites on Ni and Fe for the [NiFe]
CODH active site, 9, are important for facile C−O bond
cleavage by the enzyme.
4.2.2.4. M−CO Bond Cleavage. Once the C−O bond has

been cleaved, completion of the catalytic cycle requires CO
dissociation. Cleavage of the M−CO bond of the metal
carbonyl complex is rapid for both [Pd(triphosphine)-
(solvent)]2+ and Fe porphyrin catalysts. For the palladium
system, the PdII and PdI species formed during the catalytic
cycle have little affinity for CO.44a,b For the iron porphyrin
system, CO is rapidly expelled upon reduction of the ferrous
center.45f−h Studies of Co(salophen) catalysts suggest that the
loss of CO is a possible rate-determining step.45d It has been
shown that a [CoI(salophen)(CO)]− complex is formed during
the catalytic cycle, and that the release of CO from these
complexes is slow. For [CoI(rac-Me6[14]4,11-diene)(CO)]

+,
the rate of CO loss has been reported to be 3 s−1 in water.48

For these cobalt complexes, either the cleavage of the Co−C
bond or the cleavage of the C−O bond may be the rate-
determining step, but the slow loss of CO provides an upper
limit to the rate at which these catalysts can operate.
4.2.2.5. Bifunctional Binding and Activation of CO2. The

rate-limiting step for catalysis by the [Pd(triphosphine)-
(MeCN)]2+ complexes under normal operating conditions is
the binding of CO2. To facilitate formation of the CO2 adduct,
complex 18 was designed to interact with CO2 in a bifunctional
manner.44d In this bimetallic complex, one Pd atom is proposed
to bind the carbon atom of CO2, and a second Pd binds one of
the oxygen centers as shown by structure 19 (eq 10). Complex
18 shows high catalytic rates (k > 104 M−1 s−1) for CO2
reduction to CO, and it shares some interesting structural
features with the [NiFe] CODH 9 and the reduced form plus
CO2 10. These include vacant coordination sites on both
metals that may be important for C−O bond cleavage and two
positioned sites for bifunctional binding of CO2. Although very
fast, catalyst 18 exhibits only a few turnovers before it is
deactivated. Deactivation is thought to arise by formation of a
Pd−Pd bond, a reaction that is less likely for first row metals. In
addition, the different redox potentials of the Fe and Ni sites in
[NiFe] CODH would prevent M−M bond formation as the Fe
will not be reduced at potentials that reduce Ni.

The structural similarities of the [PdPd] catalytic inter-
mediates 18 and 19 with intermediates 9 and 10 of [NiFe]
CODH suggest that the structural features could guide the
development of synthetic catalysts based on inexpensive metals.
An interesting step in this direction is a macrocyclic Fe−Ni
complex 20, where the two metals are closely positioned in a
way that could stabilize CO2 binding. Unfortunately, no
catalytic activity for CO2 reduction was reported for this
complex.49

The formation of relevant Ni-CO2H derivatives has been
described, but via an CO + Ni−OH pathway (eq 11),50 not via
CO2 + Ni−H pathway, which typically affords formates.51

An iron porphyrin complex with a hydroxyl functional group
in the second coordination sphere has been reported to catalyze
the electrochemical reduction of CO2 to CO in acidic
dimethylformamide solutions with moderate overpotentials.
In this case, the reduced Fe center may serve as a nucleophile,
while the proton of the pendant hydroxyl group serves as an
proton donor to assist the cleavage of the C−O bond.52

4.2.3. [MoCu] CO Dehydrogenases. The second class of
CODHs features a unique Mo−Cu active site. The main
structural features of the oxidized and reduced forms of the
active site based on X-ray diffraction studies are depicted by
structures 21 and 22,30b and of the active site in the presence of
n-butylisonitrile by structure 23 (Chart 2).30b The active site of

oxidized [MoCu] CODH, 21, contains a dinuclear [CuSMo(
O)OH] metal center with a copper ion bridged via a sulfide
ligand to a molybdenum oxo group. The Mo atom exhibits a
distorted square pyramidal geometry with the oxo group in the
apical position. In addition to the bridging S atom, two sulfur
atoms of the molybdopterin cytosine dinucleotide cofactor
coordinate to the Mo ion. A hydroxo group is thought to

Chart 2. Structures of the Oxidized (21) and Reduced (22)
States of the [MoCu]−CODH and a n-Butylisocyanide
Inhibited Form (23)

Chemical Reviews Review

dx.doi.org/10.1021/cr300463y | Chem. Rev. XXXX, XXX, XXX−XXXJ
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results	
   in	
   the	
   release	
   of	
   bicarbonate.	
   The	
   resulting	
   Co(I)-­‐CO	
   complex	
   then	
   dissociates	
   to	
  

reform	
   the	
   active	
   catalyst.	
   It	
   is	
   believed	
   that	
   the	
   dissociation	
   of	
   CO	
   prevents	
   rapid	
  

turnovers	
   from	
  occurring	
   and	
   low	
  TOF	
   are	
   obtained.	
   In	
   the	
  presence	
   of	
  H+,	
   the	
   Faradaic	
  

efficiencies	
  of	
  CO	
  decrease	
  to	
  <	
  5%,	
  with	
  H2	
  as	
  the	
  primary	
  product.	
  	
  

 

Figure	
  1.12.	
  Binding	
  of	
  CO2	
  to	
  reduced	
  Co(salen)	
  in	
  the	
  presence	
  of	
  Li+.	
  

 
It	
  is	
  to	
  this	
  Co(salen)	
  system	
  that	
  we	
  have	
  modeled	
  our	
  catalyst	
  development	
  from.	
  

Our	
   goal	
   is	
   to	
   expand	
   from	
   the	
   work	
   done	
   on	
   Co(salen)	
   and	
   incorporate	
   a	
   bimetallic	
  

framework	
   consisting	
   of	
   first	
   row	
   transition	
  metals.	
   Our	
   aim	
   is	
   to	
   study	
   the	
   cooperative	
  

nature	
   of	
   bimetallic	
   frameworks	
   in	
   a	
   salen-­‐type	
   macrocycle,	
   whereby	
   controlled	
  

modifications	
   of	
   the	
   ligand	
   and	
   metal	
   combination	
   will	
   enable	
   us	
   to	
   understand	
   the	
  

dynamics	
  involved	
  for	
  CO2	
  binding	
  and	
  reduction.	
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Figure	
  1.13.	
  Catalytic	
  cycle	
  for	
  the	
  reduction	
  of	
  CO2	
  by	
  Co(salen)	
  in	
  the	
  absence	
  of	
  H+.	
  

	
  

1.5	
  Lewis	
  acid/base	
  interaction	
  and	
  inspiration	
  of	
  ligand	
  design	
  

As	
   mentioned	
   in	
   section	
   1.4.1,	
   we	
   want	
   to	
   understand	
   the	
   role	
   of	
   bimetallic	
  

cooperation	
  between	
  metal	
  centers	
  and	
  how	
  this	
  affects	
  CO2	
  reduction	
  processes.	
  Co(salen)	
  

has	
   shown	
  encouraging	
   results	
  displaying	
   the	
   importance	
  of	
   cooperative	
  Lewis	
  effects	
   to	
  

aid	
   in	
   the	
   reduction	
   of	
   CO2.	
   Due	
   to	
   the	
   relatively	
   limited	
   but	
   promising	
   literature	
   of	
  

Co(salen)	
   reactivity,	
   we	
   wanted	
   to	
   start	
   with	
   a	
   system	
   that	
   could	
   model	
   closely	
   to	
  

Co(salen).	
  The	
  addition	
  of	
  two	
  transition	
  metals,	
  plus	
  a	
  ligand	
  scaffold	
  that	
  can	
  readily	
  be	
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modified,	
  would	
  allow	
  us	
   to	
   tune	
   the	
  complex	
   to	
  achieve	
  an	
  optimum	
  cooperative	
  design	
  

for	
  CO2	
  reduction.	
  	
  

The	
   ligand	
   scaffold	
   we	
   decided	
   to	
   use	
   is	
   a	
   disalen-­‐type	
   ligand	
   first	
   reported	
   by	
  

Robson	
  and	
  coworkers	
  in	
  1970.73-­‐83	
  Historically,	
  these	
  complexes	
  have	
  mostly	
  been	
  studied	
  

for	
   their	
   magnetic	
   properties,	
   especially	
   orbital	
   exchange	
   interactions	
   between	
   the	
   two	
  

metal	
  centers.84-­‐92	
  Condensation	
  of	
  2	
  equivalents	
  of	
  diaminopropane,	
  diformylphenol,	
  and	
  

MCl2	
  (where	
  M	
  =	
  Zn,	
  Cu,	
  Ni,	
  Co,	
  Fe,	
  Mn)	
  resulted	
  in	
  the	
  homobimetallic	
  complex,	
  denoted	
  

M2L2Cl2.	
  Attempts	
  of	
  synthesizing	
  the	
  metal-­‐free	
  ligand	
  were	
  unsuccessful	
  for	
  many	
  years,	
  

resulting	
  in	
  polymeric	
  compounds.93	
  Because	
  of	
  this,	
  the	
  ligand	
  is	
  usually	
  synthesized	
  using	
  

a	
   template	
  method,	
   sometimes	
   even	
   by	
   templating	
   around	
   lead,	
   followed	
   by	
  metathesis	
  

with	
  MSO4	
   to	
   generate	
   the	
   homobimetallic	
   complex.94,95.	
   It	
  wasn’t	
   until	
   recently	
   that	
   the	
  

metal-­‐free	
  macrocyclic	
  ligand	
  was	
  successfully	
  made.96,97	
  	
  

In	
  1972,	
  Okawa	
  and	
  Kida	
  developed	
  an	
  alternative	
  approach	
  (shown	
  later	
  in	
  Scheme	
  

2.5),	
   opting	
   to	
   use	
   a	
   step-­‐wise	
   procedure.86,94,98-­‐104	
   Condensation	
   of	
   2	
   equivalents	
   of	
  

diformylphenol	
  with	
  only	
  1	
  equivalent	
  of	
  diaminopropane	
  resulted	
  in	
  the	
  metal	
  free	
  ligand	
  

L2’	
   (see	
   abbreviations),	
   or	
   noted	
   by	
   the	
   authors	
   as	
   Fsal-­‐3.	
   Reaction	
  with	
   1	
   equivalent	
   of	
  

M(OAc)2	
  deprotonates	
  the	
  phenolic	
  protons	
  to	
  form	
  acetic	
  acid	
  while	
  binding	
  the	
  M(II)	
  ion	
  

to	
   the	
   N2O2	
   site.	
   Condensation	
   of	
   a	
   second	
   equivalent	
   of	
   diaminopropane	
   completes	
   the	
  

macrocycle	
   structure,	
   whereby	
   addition	
   of	
   MCl2	
   resulted	
   in	
   the	
   bimetallic	
   species	
  

MaMbL2Cl2.	
   Chapter	
   2	
   will	
   focus	
   on	
   attempts	
   to	
   synthesize	
   and	
   characterize	
   complexes	
  

inspired	
  by	
  Robson	
  and	
  Okawa/Kida.	
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Figure	
  1.14.	
  Desired	
  characteristics	
  in	
  synthetic	
  bimetallic	
  complexes.	
  

 
Keeping	
   the	
  mechanism	
  of	
  CODH	
  II	
   in	
  mind,	
  our	
  goal	
   is	
   to	
  have	
  a	
  Lewis	
  basic	
   site	
  

that,	
  when	
  reduced,	
  is	
  a	
  strong	
  enough	
  of	
  a	
  nucleophile	
  to	
  interact	
  with	
  the	
  LUMO	
  of	
  CO2.	
  

The	
   second	
   metal	
   site	
   must	
   therefore	
   act	
   as	
   the	
   Lewis	
   acid	
   and	
   stabilize	
   the	
   negative	
  

charge.	
  For	
  the	
  basic	
  site,	
  mid	
  to	
  late	
  metals,	
  such	
  as	
  Ni	
  and	
  Co,	
  are	
  preferred,	
  whereas	
  the	
  

acidic	
  site	
  would	
  consist	
  of	
  mid	
  to	
  early	
  metals,	
  such	
  as	
  Fe	
  or	
  Mn.	
  One	
  must	
  keep	
  in	
  mind	
  

the	
  oxophilicity	
  of	
   the	
  Lewis	
  acidic	
  metal,	
  where	
  early	
  metals	
  generate	
  strong	
  M-­‐O	
  bonds	
  

that	
  may	
  inhibit	
  oxide	
  removal	
  from	
  the	
  catalyst.	
  This	
  would	
  be	
  detrimental	
  to	
  catalysis	
  by	
  

inhibiting	
  turnover.	
  We	
  aim	
  to	
  provide	
  an	
  acidic	
  metal	
   ion	
  that	
  upon	
  oxide	
  formation	
  can	
  

be	
  protonated	
  to	
  form	
  water,	
  which	
  is	
  labile	
  and	
  can	
  be	
  removed.	
  Herein,	
  this	
  manuscript	
  

will	
  describe	
  various	
  attempts	
  to	
  develop	
  these	
  complexes,	
  their	
  characterization,	
  stability	
  

of	
  the	
  complexes	
  in	
  electrocatalytic	
  conditions,	
  and	
  initial	
  reactivity	
  with	
  CO2.	
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  CHAPTER	
  2	
  

Synthetic	
  Approaches	
  

2.1	
  Synthesis	
  and	
  characterization	
  of	
  [NiML1]2+	
  complexes	
  

	
   Initial	
   efforts	
   to	
   yield	
   the	
  bimetallic	
  Robson-­‐type	
   complex	
  began	
  with	
   attempts	
   to	
  

create	
  the	
  metal-­‐free	
  macrocycle,	
  followed	
  by	
  insertion	
  of	
  the	
  desired	
  metals	
  to	
  obtain	
  the	
  

homobimetallic	
   complex.	
   However,	
   this	
   route	
   is	
   not	
   straightforward	
   and	
   the	
   metal-­‐free	
  

ligand	
  was	
  not	
  readily	
  obtained.	
  In	
  an	
  attempt	
  to	
  create	
  the	
  nickel	
  homobimetallic	
  complex,	
  

a	
  monometallic	
   complex	
  was	
  obtained.	
  Condensation	
  of	
  2	
  equivalents	
  of	
  4-­‐tert-­‐butyl-­‐2,6-­‐

diformylphenol	
  with	
  2	
  equivalents	
  of	
  o-­‐phenylenediamine	
  in	
  the	
  presence	
  of	
  1	
  equivalent	
  

of	
  [Ni(H2O)6](BF4)2	
  in	
  refluxing	
  methanol	
  produces	
  a	
  dark	
  red	
  product	
  owing	
  to	
  the	
  mono-­‐

Ni	
  complex	
  [NiH2L1](BF4)2	
  shown	
  in	
  Scheme	
  2.1.	
  This	
   is	
  similar	
  to	
  what	
  was	
  observed	
  by	
  

Robson,	
  where	
  it	
  was	
  shown	
  that	
  the	
  template	
  synthesis	
  using	
  [Ni(H2O)6](ClO4)2	
  instead	
  of	
  

NiCl2	
  resulted	
  in	
  the	
  addition	
  of	
  only	
  a	
  single	
  nickel,	
  with	
  the	
  second	
  pocket	
  site	
  consisting	
  

of	
  phenolic	
  protons	
  hydrogen	
  bonded	
  to	
  the	
  imines.73,105,106	
  	
  

	
  

Scheme	
  2.1.	
  Synthesis	
  of	
  [NiH2L1](BF4)2.	
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1H	
  NMR,	
  ESI-­‐MS	
  and	
  X-­‐ray	
  crystallography	
  were	
  used	
   to	
  confirm	
  the	
  product.	
  The	
  

complex	
  contains	
  a	
  low-­‐spin	
  four	
  coordinate	
  Ni(II)	
  ion,	
  while	
  the	
  remaining	
  cavity	
  remains	
  

protonated,	
  allowing	
   the	
  complex	
   to	
  be	
  NMR	
  active.	
  The	
  1H	
  NMR	
  displays	
  a	
  resonance	
  at	
  

13.7	
   ppm,	
   corresponding	
   to	
   the	
   hydrogen-­‐bonded	
   protons	
   in	
   the	
   non-­‐metallated	
   pocket.	
  

Crystallographic	
   data	
   confirmed	
   that	
   only	
   a	
   single	
   nickel	
   occupied	
   a	
   pocket,	
   with	
   50%	
  

delocalization	
  across	
  the	
  two	
  coordination	
  sites.	
  	
  

 

Figure	
  2.1.	
  Ortep	
  diagram	
  of	
   [NiH2L1](BF4)2.	
   Ellipsoids	
   are	
   shown	
   at	
   50%	
  probability.	
  A	
  
second	
   molecule	
   in	
   the	
   asymmetric	
   unit,	
   hydrogens	
   and	
   BF4	
   counter	
   ions	
   have	
   been	
  
omitted	
  for	
  clarity.	
  The	
  ortep	
  diagram	
  is	
  shown	
  with	
  no	
  anisotropy	
  and	
  only	
  for	
  structural	
  
representation.	
  	
  

This	
   complex	
   provided	
   us	
   with	
   two	
   advantages:	
   a)	
   Ni	
   remains	
   square	
   planar,	
  

contrary	
  to	
  literature,	
  making	
  characterization	
  more	
  facile	
  b)	
  to	
  create	
  the	
  heterobimetallic	
  

complex,	
   one	
   can	
   simply	
   deprotonate	
   in	
   the	
   presence	
   of	
   a	
   metal	
   salt	
   to	
   yield	
   the	
  

appropriate	
   [NiML1](BF4)2	
   complex.	
   The	
   heterobimetallic	
   complexes	
   with	
   the	
   L1	
   ligand	
  

were	
  synthesized	
  in	
  the	
  following	
  way	
  (Scheme	
  2.2):	
  [NiH2L1](BF4)2	
  was	
  dissolved	
  in	
  5	
  mL	
  

of	
  DMF	
  under	
  an	
  inert	
  atmosphere	
  of	
  N2.	
  A	
  THF	
  solution	
  (1	
  mL)	
  of	
  KOtBu	
  was	
  then	
  added,	
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followed	
  by	
  the	
  addition	
  of	
  an	
  acetonitrile	
  solution	
  of	
  [M(CH3CN)n](BF4)2	
  (where	
  n	
  =	
  4,6).	
  

The	
  products	
  were	
  then	
  precipitated	
  out	
  of	
  DMF	
  using	
  diethyl	
  ether	
  and	
  recrystallized.	
  	
  

	
  

Scheme	
  2.2.	
  Synthesis	
  of	
  heterobimetallic	
  complexes	
  [NiML1](BF4)2.	
  

 

 
 
 
	
   Successful	
   attempts	
  were	
  made	
  with	
  M	
   =	
   Ni,	
   Cu,	
   while	
   unsuccessful	
   results	
  were	
  

made	
  with	
  M	
   =	
   Co,	
   Fe,	
   Mn.	
   It	
   should	
   be	
   noted	
   that	
   efforts	
   using	
  M(OAc)2	
   resulted	
  with	
  

acetate	
  bound	
  across	
  the	
  metal	
  centers,	
  leading	
  to	
  dimerization,	
  as	
  shown	
  in	
  Figure	
  A1.	
  The	
  

complexes	
  [NiML1](BF4)2	
  (where	
  M	
  =	
  	
  Zn,	
  Cu,	
  Ni,	
  Co,	
  Fe,	
  Mn)	
  were	
  characterized	
  by	
  ESI-­‐MS,	
  

1H	
   NMR,	
   X-­‐band	
   EPR	
   (when	
   applicable),	
   cyclic	
   voltammetry,	
   and	
   magnetic	
   moment	
  

measurements.	
   X-­‐ray	
   crystallography	
   and	
   ESI-­‐MS	
   revealed	
   two	
   different	
   outcomes	
  

following	
   insertion	
  of	
   the	
  second	
  metal.	
  When	
  metal	
   ionic	
  radii	
  are	
  small	
  (<	
  88	
  pm	
  when	
  

high	
  spin,	
  octahedral	
  geometry	
  is	
  considered),	
  stoichiometric	
  insertion	
  is	
  achieved.107	
  This	
  

is	
  shown	
  with	
  M	
  =	
  Cu	
  and	
  Ni	
  (Figure	
  2.2,	
  left).	
  Attempts	
  of	
  insertion	
  when	
  the	
  ionic	
  radius	
  

is	
  ≥	
  88	
  pm	
  results	
  in	
  a	
  dimerized	
  product.	
  It	
  is	
  thought	
  that	
  the	
  pocket	
  size	
  is	
  too	
  small	
  for	
  

metals	
  of	
  this	
  ionic	
  radii,	
  puckering	
  the	
  metal	
  out	
  of	
  the	
  pocket	
  which	
  is	
  then	
  stabilized	
  by	
  

dimerization	
  with	
  a	
  second	
  deprotonated	
  [NiL1]	
  complex.	
  This	
  is	
  observed	
  with	
  M	
  =	
  Fe	
  and	
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N
Ni H

H
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Mn,	
  as	
  shown	
  in	
  Figure	
  2.2	
  (right).	
   1H	
  NMR	
  of	
  these	
  complexes	
  revealed	
  that	
  Ni	
  retains	
  a	
  

square	
  planar	
  geometry,	
  resulting	
  in	
  a	
  “diamagnetic”	
  side	
  of	
  the	
  complex.	
  

  

Figure	
  2.2.	
  Ortep	
  diagrams	
  of	
   (left)	
   [NiCuL1](BF4)2*DMF	
  and	
  (right)	
  {[NiL1]2-­‐µ-­‐Fe}(BF4)2.	
  
Ellipsoids	
   are	
   shown	
   at	
   50%	
   probability.	
   Uncoordinated	
   solvent,	
   hydrogens	
   and	
   BF4	
  
counter	
  ions	
  have	
  been	
  omitted	
  for	
  clarity.	
  The	
  ortep	
  diagrams	
  are	
  with	
  no	
  anisotropy	
  and	
  
shown	
  only	
  for	
  structural	
  representation.	
  

 
The	
  dimerization	
  product	
  is	
  observed	
  as	
  the	
  only	
  product	
  in	
  ESI-­‐MS	
  as	
  well	
  (Figure	
  

A2).	
   Synthesis	
   using	
  metals	
   with	
   ionic	
   radii	
   ≥	
   88	
   pm	
   give	
   a	
   characteristic	
  m/z	
   signal	
   at	
  

~641.	
  This	
  signal	
  has	
  a	
  defined	
  pattern	
  of	
  0.5	
  mass-­‐charge	
  units,	
  owing	
  to	
  the	
  M2+/2	
  ratio.	
  

As	
  mentioned	
  before,	
  it	
  is	
  thought	
  that	
  this	
  dimerization	
  is	
  a	
  direct	
  result	
  of	
  the	
  ionic	
  

radius	
  of	
   the	
   second	
  metal	
   inserted.	
  This	
  difficulty	
   in	
  metallation	
  of	
  Robson-­‐type	
   ligands	
  

has	
  been	
  observed	
  before	
  by	
  Okawa/Kida	
  and	
  others,	
  whereby	
  the	
  authors	
   increased	
  the	
  

ligand	
   flexibility	
   by	
   changing	
   the	
   diamine	
   used	
   in	
   the	
   synthesis.	
  We	
   chose	
   to	
   follow	
   this	
  

method	
  as	
  well,	
  which	
  will	
  be	
  described	
  below	
  for	
  ligands	
  L2-­‐L4.	
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Table	
  2.1.	
  Magnetic	
  data	
  for	
  select	
  [NiML1](BF4)2	
  complexes.	
  

Complex	
   µeff	
  /	
  µB	
   g	
   S	
  

[NiCuL1]2+	
   1.42	
   2.1	
   1/2	
  

[NiCoL1]2+	
   3.69	
   4.3	
   3/2	
  

[NiFeL1]2+	
   3.16	
   -­‐	
   1	
  

	
  

2.2	
  Synthesis	
  and	
  characterization	
  of	
  [NiML2]2+	
  complexes	
  

The	
  synthesis	
  and	
  characterization	
  of	
  ligands	
  of	
  the	
  L2	
  moiety	
  are	
  described	
  below.	
  

1,3-­‐diaminopropane	
  was	
  used	
  instead	
  of	
  o-­‐phenylenediamine,	
  where	
  complexes	
  with	
  this	
  

linker	
  have	
  been	
   shown	
   to	
   incorporate	
   the	
   larger	
  metal	
   ions	
   such	
   as	
  Mn2+	
   and	
  Fe2+.	
   The	
  

synthesis	
  is	
  analogous	
  to	
  the	
  L1	
  ligand	
  described	
  in	
  Chapter	
  2.1.	
  	
  

	
  

Scheme	
  2.3.	
  Synthesis	
  of	
  heterobimetallic	
  complexes	
  [NiML2](BF4)2.	
  

 

	
  [NiH2L2](BF4)2	
   was	
   synthesized	
   in	
   a	
   similar	
   manner	
   to	
   L1,	
   however	
   some	
  

differences	
  were	
   observed.	
   Contrary	
   to	
   L1,	
   [NiH2L2](BF4)2	
   did	
   not	
   retain	
   a	
   square	
   planar	
  

geometry,	
  resulting	
   in	
  a	
  high	
  spin	
  complex.	
   It	
  has	
  been	
  reported	
  that	
  nickel	
  complexes	
   in	
  

(BF4)2 + [M(CH3CN)n](BF4)2
2 KOtBu

- 2 KBF4

- 2 HOtBU
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the	
   L2-­‐type	
   Robson	
  macrocycle	
   bind	
   solvent	
   in	
   the	
   axial	
   positions,	
   resulting	
   in	
   a	
   square	
  

pyramidal	
  or	
  octahedral	
  geometry	
  with	
  S	
  =	
  1.73,105	
  1H	
  NMR	
  revealed	
  two	
  broad	
  resonances	
  

at	
  3.38,	
  6.68,	
  and	
  12.18	
  ppm,	
  corresponding	
  to	
  the	
  uncoordinated,	
  diamagnetic	
  side	
  of	
  the	
  

complex	
  (Figure	
  2.3).	
  No	
  resonances	
  were	
  observed	
  beyond	
  15	
  ppm	
  in	
  the	
  conditions	
  used	
  

during	
  the	
  NMR	
  experiment.	
  ESI-­‐MS	
  displayed	
  signals	
  corresponding	
  to	
  both	
  the	
  mono-­‐Ni	
  

complex	
  and	
  [Ni2L2](BF4)2,	
  however,	
  no	
  homobimetallic	
  impurities	
  were	
  observed	
  in	
  the	
  1H	
  

NMR.	
  Crystals	
  suitable	
  for	
  X-­‐ray	
  analysis	
  did	
  not	
  produce	
  a	
  quality	
  structure,	
  although	
  we	
  

were	
   able	
   to	
   confirm	
   structurally	
   that	
   only	
   a	
   single	
   nickel	
   resided	
   in	
   the	
   [NiH2L2](BF4)2	
  

framework	
   with	
   acetonitrile	
   ligands	
   bound	
   to	
   Ni,	
   resulting	
   in	
   a	
   pseudo	
   octahedral	
  

geometry.	
  

 

Figure	
  2.3.	
  1H	
  NMR	
  of	
  [NiH2L2](BF4)2	
  in	
  d6-­‐DMSO.	
  

 
	
   Metallation	
  of	
  the	
  second	
  pocket	
  site	
  resulted	
  in	
  successful	
  complexation	
  via	
  ESI-­‐MS	
  

and	
   X-­‐ray	
   crstallography.	
   Some	
   homobimetallic	
   impurities	
   were	
   observed	
   in	
   mass	
  

spectrometry,	
  although	
  the	
  extent	
  of	
  metal	
  scrambling	
  is	
  not	
  clear.	
  Characterization	
  proved	
  

unexpectedly	
   difficult,	
   with	
   X-­‐ray	
   crystallography	
   and	
   elemental	
   analysis	
   unable	
   to	
  

distinguish	
  the	
  homobimetallic	
  and	
  heterobimetallic	
  purity,	
  while	
  the	
  magnetic	
  orbitals	
  of	
  

14 12 10 8 6 4 2 0
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the	
  now	
  high	
  spin	
  Ni(II)	
  allowed	
  antiferromagnetic	
  interactions	
  with	
  the	
  second	
  metal	
  site,	
  

complicating	
   characterization	
   by	
   magnetic	
   methods.	
   Cyclic	
   voltammetry	
   was	
   therefore	
  

employed	
  in	
  an	
  attempt	
  to	
  support	
  the	
  existence	
  of	
  the	
  heterobimetallic	
  species.	
  The	
  cyclic	
  

voltammograms	
  are	
  shown	
  in	
  Figure	
  2.4.	
  It	
  can	
  be	
  observed	
  that	
  the	
  first	
  cathodic	
  process	
  

for	
  all	
  complexes	
  listed	
  are	
  at	
  similar	
  potentials,	
  which	
  is	
  likely	
  the	
  Ni(II/I)	
  couple	
  based	
  on	
  

reports	
  in	
  literature,	
  which	
  will	
  be	
  described	
  in	
  more	
  in	
  detail	
  in	
  Chapter	
  3.	
  As	
  can	
  be	
  seen,	
  

[NiCoL2](BF4)2	
  displays	
  two	
  cathodic	
  events,	
  the	
  first	
  at	
  -­‐1.44	
  V	
  and	
  the	
  second	
  at	
  -­‐1.61	
  V	
  

versus	
  the	
  ferrocene/ferrocinium	
  couple,	
  owing	
  to	
  the	
  Ni(II/I)	
  couple	
  prior	
  to	
  the	
  Co(II/I)	
  

couple.100,104	
  No	
  homobimetallic	
  [Ni2L2](BF4)2	
  or	
  [Co2L2](BF4)2	
  were	
  observed	
  in	
  this	
  cyclic	
  

voltammogram.	
  

 

Figure	
  2.4.	
  Cyclic	
  voltammograms	
  of	
  [NiML2](BF4)2	
  complexes.	
  2.0	
  mM	
  complex	
  in	
  CH3CN,	
  
0.2	
  M	
  Bu4NPF6,	
  100	
  mV/s	
  scan	
  rate.	
  

	
   Since	
  characterization	
  of	
   these	
  complexes	
   remained	
  challenging,	
   the	
  diamine	
  used	
  

was	
   changed	
   from	
  1,3-­‐diaminopropane	
   to	
   ethylenediamine.	
  This	
  has	
  been	
   shown	
   to	
  give	
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increased	
   flexibility,	
   presumably	
   more	
   than	
   the	
   phenylene	
   linker,	
   while	
   maintaining	
   a	
  

strong	
  field	
   ligand	
  environment	
  that	
  keeps	
  Ni(II)	
  square	
  planar,	
  which	
  would	
  allow	
  more	
  

facile	
  characterization	
  compared	
  to	
  the	
  L2	
  complexes.	
  

	
  

2.3	
  Synthesis	
  and	
  characterization	
  of	
  [NiML3]2+	
  complexes	
  

	
   The	
   synthesis	
   of	
   complexes	
   with	
   the	
   ethylene	
   linker	
   are	
   analogous	
   to	
   L1	
   and	
   L2	
  

complexes.	
   Condensation	
   using	
   one	
   equivalent	
   of	
   [Ni(H2O)6](BF4)2	
   again	
   resulted	
   in	
   the	
  

mono-­‐nickel	
   complex	
   [NiH2L3](BF4)2.	
   Precipitation	
   of	
   orange	
  microcrystals	
   from	
   ethanol	
  

gave	
   the	
   complex	
   in	
   72%	
   yield,	
   with	
   no	
   further	
   purification	
   needed.	
  

 

Figure	
  2.5.	
  1H	
  NMR	
  of	
  [NiH2L3](BF4)2	
  in	
  d6-­‐DMSO.	
  

 
	
   Single	
  crystals	
  were	
  isolated	
  by	
  vapor	
  diffusion	
  of	
  diethyl	
  ether	
  into	
  a	
  DMF	
  solution	
  

containing	
   [NiH2L3](BF4)2.	
   Each	
   nickel	
   site	
  was	
   disordered	
  with	
   50%	
  occupation	
   by	
   a	
  Ni	
  

ion.	
  This	
  delocalization,	
  along	
  with	
  1H	
  NMR,	
  ESI-­‐MS	
  confirmed	
  the	
  identity	
  of	
  the	
  complex.	
  

It	
  should	
  also	
  be	
  noted	
  that	
  no	
  homobimetallic	
  complex	
  was	
  observed	
  via	
  ESI-­‐MS.	
  	
  

14 12 10 8 6 4 2 0
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Figure	
   2.6.	
   Ortep	
   diagram	
   of	
   [Ni2L3](BF4)2.	
   Ellipsoids	
   are	
   shown	
   at	
   50%	
   probability.	
  
Uncoordinated	
  solvent,	
  hydrogens,	
  and	
  BF4	
  counter	
  ions	
  have	
  been	
  omitted	
  for	
  clarity.	
  

 
	
   Deprotonation	
  with	
  LiOtBu	
   in	
   the	
  presence	
  of	
  M(BF4)2	
   (where	
  M	
  =	
  Zn,	
  Cu,	
  Ni,	
   Co)	
  

resulted	
   in	
   the	
  desired	
  heterobimetallic	
  complexes.	
  LiOtBu	
  was	
  used	
   in	
  place	
  of	
  KOtBu	
  to	
  

avoid	
  KBF4	
  impurities	
  upon	
  precipitation	
  from	
  ether.	
  These	
  complexes	
  were	
  isolated	
  using	
  

ether	
  diffusion	
  into	
  an	
  acetonitrile	
  solution	
  containing	
  the	
  complex.	
  	
  

	
  

Scheme	
  2.4.	
  Synthesis	
  of	
  heterobimetallic	
  complexes	
  [NiML3](BF4)2.	
  

	
  

ON

N O N

N
Ni H

H
(BF4)2 + [M(CH3CN)n](BF4)2

ON

N O N

N
Ni (BF4)2M

2 LiOtBu

- 2 LiBF4

- 2 HOtBU



29	
  
	
  

The	
  complexes	
  were	
  characterized	
  by	
  X-­‐ray	
  crystallography,	
  ESI-­‐MS,	
  1H	
  NMR,	
  cyclic	
  

voltammetry	
   and	
   elemental	
   analysis.	
   As	
   can	
   be	
   observed,	
   Ni(II)	
   adopts	
   a	
   square	
   planar	
  

geometry,	
   resulting	
   in	
   a	
   “diamagnetic”	
   side	
   of	
   the	
   complex.	
   The	
   second	
   metal	
   can	
   be	
  

distinguished	
  due	
  to	
  the	
  adoption	
  of	
  a	
  different	
  geometry	
  upon	
  solvent	
  binding	
  in	
  the	
  axial	
  

positions,	
  in	
  contrast	
  to	
  L2	
  complexes.	
  This	
  also	
  results	
  in	
  simple	
  paramagnets	
  that	
  can	
  be	
  

more	
   easily	
   characterized	
   compared	
   to	
   the	
   L2	
   macrocycle	
   since	
   no	
   magnetic	
   coupling	
  

occurs.	
  

 

Figure	
   2.7.	
   Ortep	
   diagram	
   of	
   [NiCoL3](BF4)2*DMF.	
   Ellipsoids	
   are	
   shown	
   at	
   50%	
  
probability.	
  A	
  second	
  structure	
   in	
   the	
  asymmetric	
  unit	
  along	
  with	
  uncoordinated	
  solvent,	
  
hydrogens,	
  and	
  BF4	
  counter	
  ions	
  have	
  been	
  omitted	
  for	
  clarity.	
  

 
	
   As	
   can	
   be	
   seen	
   from	
   Figure	
   2.7,	
   as	
   the	
   ionic	
   radii	
   increases,	
   we	
   still	
   observe	
   a	
  

puckering	
   of	
   the	
   second	
   metal.	
   Insertion	
   of	
   Fe2+	
   and	
   Mn2+	
   resulted	
   in	
   the	
   dimerized	
  

product,	
  similar	
  to	
  what	
  was	
  observed	
  with	
  L1.	
  This	
   is	
  evident	
  by	
  both	
  ESI-­‐MS	
  and	
  single	
  

crystal	
  analysis,	
  shown	
  in	
  Figure	
  2.8.	
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Figure	
   2.8.	
   Ortep	
   diagram	
   of	
   {[NiL3]2-­‐µ-­‐Mn}(BF4)2.	
   Ellipsoids	
   are	
   shown	
   at	
   50%	
  
probability.	
  Uncoordinated	
  solvent,	
  hydrogens	
  and	
  BF4	
  counter	
  ions	
  have	
  been	
  omitted	
  for	
  
clarity.	
  

 
	
   Since	
   the	
   dimerization	
  was	
   still	
   observed	
  with	
   the	
   L3	
   ligand,	
   we	
   decided	
   to	
   once	
  

again	
   alter	
   the	
   diamine	
   to	
   provide	
   enough	
   flexibility	
   for	
   larger	
   metals.	
   This	
   approach	
  

provides	
  us	
  with	
  a	
  few	
  advantages:	
  a)	
  Ni	
  is	
  smaller	
  and	
  will	
  remain	
  on	
  the	
  ethylene	
  side	
  b)	
  

Ni	
  will	
  thus	
  retain	
  square	
  planar	
  geometry	
  with	
  no	
  magnetic	
  coupling	
  c)	
  the	
  propylene	
  side	
  

will	
  be	
  flexible	
  enough	
  to	
  incorporate	
  the	
  larger	
  metal	
  ions	
  such	
  as	
  Mn2+	
  and	
  Fe2+.	
  	
  

	
  

2.4	
  Synthesis	
  and	
  characterization	
  of	
  [NiML4]2+	
  complexes	
  

	
   As	
  mentioned	
  previously,	
  Okawa/Kida	
  developed	
  a	
  method	
  around	
  the	
  same	
  time	
  as	
  

Robson	
  to	
  synthesize	
  the	
  heterobimetallic	
  complexes	
  with	
  the	
  same	
  macrocycle.	
  This	
  was	
  

achieved	
   using	
   a	
   step-­‐wise	
   synthesis.	
   First,	
   condensation	
   of	
   two	
   equivalents	
   of	
  

diformlyphenol	
  with	
   only	
   one	
   equivalent	
   of	
   ethylenediamine	
   produces	
   the	
   ligand	
   L4’,	
   or	
  

denoted	
  by	
  the	
  authors	
  as	
  Fsal-­‐2.	
  Deprotonation	
  and	
  sequential	
  metallation	
  with	
  Ni(OAc)2	
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forms	
   the	
   complex	
   NiL4’.	
   A	
   second	
   condensation	
   with	
   1,3-­‐diaminopropane	
   forms	
   the	
  

asymmetric	
  NiL4,	
  shown	
  in	
  Scheme	
  2.5	
  

	
  

Scheme	
  2.5.	
  Synthesis	
  of	
  [NiML4](BF4)2.	
  

	
  

This	
  step-­‐wise	
  synthesis	
  can	
  be	
  monitored	
  by	
  1H	
  NMR	
  until	
  insertion	
  of	
  the	
  second	
  

metal	
   ion,	
   whereby	
   the	
   complex	
   becomes	
   paramagnetic.	
   Ni(II)	
   retains	
   square	
   planar	
  

geometry	
   throughout	
   the	
  synthesis,	
   similar	
   to	
  what	
  was	
  seen	
   in	
   the	
  L3	
   complexes,	
  which	
  

allows	
  more	
  facile	
  characterization.	
  Condensation	
  of	
  1,3-­‐diaminopropane	
  results	
   in	
  a	
   loss	
  

of	
   the	
   aldehyde	
   resonance	
   at	
   10.5	
   ppm	
   for	
   NiL4’,	
   confirming	
   the	
   completion	
   of	
   the	
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macrocycle.	
  Metallation	
  of	
  NiL4	
  with	
  [Mn(CH3CN)4](BF4)2	
  in	
  dichloromethane	
  yields	
  a	
  color	
  

change,	
  with	
  a	
  precipitate	
  formed	
  upon	
  addition	
  of	
  diethyl	
  ether.	
  Suitable	
  crystals	
  for	
  X-­‐ray	
  

analysis	
  were	
  not	
  obtained	
  and	
  is	
  still	
  under	
  investigation.	
  

	
  

 

Figure	
  2.9.	
  1H	
  NMR	
  following	
  the	
  synthesis	
  of	
  NiL4	
  in	
  CD3Cl.	
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CHAPTER	
  3	
  

Redox	
  characterization	
  of	
  NiM	
  bimetallic	
  systems	
  

3.1	
  Stability	
  of	
  Schiff-­‐base	
  macrocycle	
  to	
  acidic	
  environments	
  

	
   Since	
   reduction	
   of	
   CO2	
   generally	
   involves	
   the	
   presence	
   of	
   H+,	
   it	
   was	
   pertinent	
   to	
  

examine	
   the	
   stability	
   of	
   these	
   complexes	
   in	
   acidic	
   environments.	
   The	
   ligand	
   series	
  

described	
   above	
   contains	
   four	
   imines,	
   brought	
   together	
   in	
   a	
   condensation	
   reaction.	
  

Generally	
  speaking,	
   imines	
   in	
  the	
  presence	
  of	
  acid	
  reverses	
  the	
  condensation.	
  This	
  would	
  

be	
  detrimental	
  to	
  the	
  complex	
  stability	
  under	
  CO2	
  reduction	
  conditions.	
  	
  

	
   The	
  diamagnetic	
  complexes	
  [NiH2L1](BF4)2	
  and	
  [NiH2L3](BF4)2	
  were	
  probed	
  via	
  1H	
  

NMR	
  for	
  decomposition	
  in	
  the	
  presence	
  of	
  the	
  acids	
  [NH4][BF4]	
  (pKa	
  =	
  16.5	
  in	
  CH3CN,	
  10.5	
  

in	
  DMSO	
  and	
  c.a.	
  11.6	
  in	
  DMF)	
  and	
  [HDBU][BF4]	
  (pKa	
  =	
  24.3	
  in	
  CH3CN,	
  12	
  in	
  DMSO,	
  c.a.	
  13.1	
  

in	
  DMF).108-­‐110	
  No	
  noticeable	
  changes	
  were	
  observed	
  upon	
  exposure	
  to	
  these	
  acids	
  within	
  

24	
   h	
   (Figure	
   3.1).	
   Stronger	
   acids,	
   such	
   as	
   [C6H5NH3][BF4]	
   (pKa	
   =	
   10.6	
   in	
   CH3CN,	
   3.6	
   in	
  

DMSO,	
  c.a.	
  5	
   in	
  DMF)	
  and	
  [HDMF][BF4]	
  (pKa	
  =	
  6.10	
  in	
  CH3CN),	
  result	
   in	
  decomposition	
  as	
  

seen	
  by	
  1H	
  NMR.	
  [NiCoL3](BF4)2,	
  [NiCuL3](BF4)2,	
  [Ni2L3](BF4)2	
  also	
  displayed	
  no	
  changes	
  in	
  

the	
  absorbance	
  spectrum,	
  indicating	
  no	
  decomposition	
  in	
  mild	
  acidic	
  conditions.	
  It	
  should	
  

be	
  noted	
  that	
  exposure	
  of	
   the	
  heterobimetallic	
  complexes	
   in	
   the	
  presence	
  of	
  strong	
  acids	
  

such	
  as	
  anilinium	
  or	
  [HDMF][BF4]	
  replaces	
  the	
  non-­‐Ni	
  atom	
  with	
  H+,	
  supported	
  by	
  changes	
  

in	
   the	
   absorption	
   spectrum.	
   It	
   is	
   unclear	
   of	
   the	
   extent	
   of	
   decomposition	
   following	
  

demetallation	
   when	
   stoichiometric	
   amounts	
   of	
   strong	
   acid	
   are	
   added.
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Figure	
   3.1.	
   1H	
   NMR	
   probing	
   the	
   acid	
   stability	
   of	
   [NiH2L3](BF4)2	
   in	
   d6-­‐DMSO.	
   [NH4][BF4]	
  
added	
  and	
  the	
  solution	
  was	
  allowed	
  to	
  come	
  to	
  equilibrium	
  for	
  24	
  hr.	
  

	
  

3.2	
  Spectroscopic	
  determination	
  of	
  [NiML]+	
  species	
  

As	
   mentioned,	
   the	
   complexes	
   are	
   designed	
   to	
   be	
   electrocatalysts	
   for	
   reduction	
  

processes.	
  The	
   initial	
  method	
  use	
   to	
  probe	
   interaction	
  with	
  CO2	
  was	
  monitored	
  by	
   cyclic	
  

voltammetry.	
  The	
  complexes	
  described	
  in	
  Chapter	
  2	
  all	
  display	
  cathodic	
  waves	
   in	
  the	
  CV,	
  

indicative	
   of	
   reduction	
   of	
   the	
   complex.	
   It	
   is	
   desirable	
   then	
   to	
   identify	
  what	
   occurs	
   upon	
  

reduction.	
   All	
   of	
   the	
   complexes	
   described	
   contain	
   not	
   only	
   redox-­‐active	
  metals,	
   but	
   also	
  

redox-­‐active	
   ligands.93,95,111	
   In	
   order	
   to	
   understand	
   the	
   reductive	
   behavior,	
   we	
   used	
  

Ni(salen)	
  as	
  a	
  control	
  since	
  it	
  contains	
  a	
  similar	
  ligand	
  field	
  while	
  having	
  a	
  known	
  Ni(II/I)	
  

reduction.	
  The	
  identification	
  of	
  the	
  Ni(salen)	
  family	
  has	
  been	
  established	
  in	
  the	
   literature	
  

14 12 10 8 6 4 2
Chemical Shift / ppm

 No acid
 1 eq NH4

+

 4 eq NH4
+
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producing	
  mixed	
   results.112,113	
   [Ni(salen)]-­‐	
   has	
   been	
   identified	
   containing	
   a	
   Ni(I)	
   center,	
  

which	
  displays	
  a	
  rhombic	
  signal	
  with	
  g	
  values	
  of	
  2.25,	
  2.08,	
  and	
  2.04	
  (DMF)	
  in	
  X-­‐band	
  EPR,	
  

while	
  also	
  giving	
  rise	
  to	
  d-­‐d	
  transitions	
  at	
  806	
  nm	
  and	
  637	
  nm.114	
  This	
  d-­‐d	
  band	
  structure	
  

has	
  been	
  shown	
  in	
  the	
  literature	
  to	
  describe	
  the	
  axial	
  distortion	
  from	
  a	
  d9	
  Ni(I)	
  species	
  by	
  

comparison	
   to	
   the	
   isoelectronic	
   Cu(salen)-­‐type	
   systems.	
   The	
   band	
   shown	
   in	
   Figure	
   3.4	
  

(right)	
  is	
  actually	
  comprised	
  of	
  three	
  features	
  that	
  are	
  close	
  in	
  energy.	
  The	
  transitions	
  are	
  

assigned	
  as	
  dxy!dx2-­‐y2,	
  dz2!dx2-­‐y2,	
  and	
  dxz,	
  dyz!dx2-­‐y2.	
  	
  

	
   	
   	
   	
    

Figure	
  3.2.	
  d-­‐orbital	
  splitting	
  and	
  transitions	
  for	
  axially	
  distortedd	
  Ni(I)	
  species.	
  Allowable	
  
transitions	
  shown	
  with	
  red	
  arrows.	
  

 
Conversely,	
   Ni(salp)-­‐,	
   which	
   contains	
   a	
   phenyl	
   linker,	
   gives	
   drastically	
   different	
  

results.	
   Upon	
   reduction,	
   Ni(salp)-­‐	
   gives	
   rise	
   to	
   a	
   pseudo	
   isotropic	
   signal	
  with	
   a	
   g	
   =	
   2.01	
  

(DMF)	
  and	
  transitions	
  in	
  the	
  visible	
  spectrum	
  at	
  622	
  nm	
  and	
  462	
  nm.	
  It	
  is	
  thought	
  that	
  this	
  

reduction	
  generates	
  a	
  radical,	
  not	
  Ni(I),	
  and	
  that	
  at	
  low	
  temperatures	
  remains	
  monomeric	
  

Ni(II)	
  while	
  at	
  room	
  temperature	
  dimerizes	
  to	
  [Ni(salp)2]2-­‐.	
  This	
  difference	
  observed	
  upon	
  

reduction	
  with	
  similar	
  ligands	
  shows	
  the	
  importance	
  of	
  understanding	
  the	
  redox	
  processes	
  

of	
   the	
   complexes	
   we	
   are	
   studying.	
   In	
   addition	
   to	
   distinguishing	
   the	
   difference	
   between	
  

dx2-y2

dxy

dz2

dxz, dyz
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Ni(II/I)	
   and	
   ligand	
   reductions,	
   many	
   of	
   the	
   bimetallic	
   complexes	
   contain	
   redox-­‐active	
  

metals	
  that	
  must	
  be	
  identified	
  as	
  well.	
  	
  

 

Figure	
  3.3.	
  Cyclic	
  voltammograms	
  of	
  Ni(salen)	
  (solid	
  line)	
  and	
  Ni(salp)	
  (dashed	
  line).	
  0.2	
  
M	
  Bu4NPF6	
  in	
  DMF,	
  100	
  V/s	
  scan	
  rate.	
  

 
	
   In	
  this	
  section,	
  the	
  complexes	
  will	
  be	
  separated	
  into	
  two	
  sections:	
  those	
  containing	
  

one	
   redox	
   active	
   metal	
   and	
   those	
   containing	
   two	
   redox	
   active	
   metals.	
   The	
   ligand	
  

framework	
  does	
  not	
  appear	
   to	
  affect	
   the	
  redox	
  processes	
  and	
  will	
  not	
  be	
  separated	
   from	
  

one	
  another	
  to	
  describe	
  the	
  system.	
  

	
   The	
   cyclic	
   voltammogram	
   of	
   Ni(salen)	
   displays	
   a	
   scan	
   rate-­‐dependent,	
   reversible	
  

couple	
   at	
   -­‐2.11	
  V	
   vs.	
   Fc+/0	
  with	
  ΔEp	
  =	
   99.6	
  mV.	
   Chemical	
   (or	
   electrochemical)	
   reduction	
  

using	
  one	
  equivalent	
  of	
  potassium	
  graphite	
  results	
   in	
  a	
  color	
  change	
  from	
  orange	
  to	
  dark	
  

brown,	
  with	
  absorption	
  bands	
  shown	
  in	
  Figure	
  3.4.	
  X-­‐band	
  EPR	
  displays	
  a	
  rhombic	
  signal	
  

with	
  the	
  same	
  g-­‐values	
  described	
  in	
  the	
  literature.	
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Figure	
  3.4.	
  (Left)	
  EPR	
  spectrum	
  of	
  Ni(salen)-­‐	
  at	
  77	
  K.	
  1e-­‐	
  reduced	
  species	
  was	
  prepared	
  by	
  
addition	
  of	
  1	
   eq	
  KC8	
   in	
  DMF.	
  2.0	
  mM	
   in	
  DMF/THF	
   (1:1).	
   (Right)	
  Absorption	
   spectrum	
  of	
  
Ni(salen)-­‐	
   (black)	
   and	
   Ni(salen)	
   (blue).	
   Potential	
   held	
   at	
   -­‐2.2	
   V	
   vs.	
   Fc+/0,	
   50	
   µM,	
   0.2	
   M	
  
Bu4PF6	
  in	
  DMF.	
  	
  

 
Knowing	
   that	
   a	
   Ni(II/I)	
   reduction	
   of	
   salen	
   complexes	
   results	
   in	
   the	
   spectra	
  

described	
  above,	
  we	
  decided	
  to	
  look	
  at	
  the	
  characteristics	
  of	
  the	
  reduced	
  NiH2L	
  products	
  to	
  

understand	
   the	
   nature	
   of	
   the	
   reduced	
   species.	
   [NiH2L1](BF4)2	
   displays	
   a	
   cathodic	
   wave	
  

similar	
  to	
  Ni(salp)	
  but	
  at	
  c.a.	
  800	
  mV	
  more	
  positive.	
  The	
  reduction	
  of	
  Ni(salp)	
  gives	
  rise	
  to	
  a	
  

cathodic	
  wave	
  at	
  -­‐1.86	
  V,	
  with	
  a	
  distinct	
  anodic	
  feature	
  at	
  -­‐0.94	
  V,	
  much	
  too	
  far	
  positive	
  to	
  

be	
   related	
   to	
   a	
   simple	
   reoxidation	
   event.	
   This	
   is	
   likely	
  due	
   to	
   the	
   oxidation	
  of	
   the	
  dimer	
  

complex	
  formed	
  upon	
  ligand	
  reduction.	
  [NiH2L1](BF4)2	
  displays	
  similar	
  characteristics	
  with	
  

cathodic	
  features	
  at	
  -­‐1.08	
  V	
  and	
  -­‐2.00	
  V,	
  with	
  a	
  separated	
  anodic	
  event	
  at	
  -­‐0.49	
  V.	
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Figure	
   3.5.	
   Cyclic	
   voltammogram	
   of	
   Ni(salp)	
   (black)	
   and	
   [NiH2L1](BF4)2	
   (red).	
   2.0	
   mM	
  
complex,	
  0.2	
  M	
  Bu4NBF4	
  in	
  DMF,	
  100	
  mV/s	
  scan	
  rate.	
  

 
The	
   EPR	
   of	
   the	
   chemically	
   reduced	
   species	
   features	
   an	
   isotropic	
   signal	
   at	
   g	
   =	
   2.0	
  

with	
  no	
  observed	
  hyperfine	
  at	
  77	
  K.	
  Spectroelectrochemical	
   reduction	
   to	
   the	
  1e-­‐	
   reduced	
  

species	
   did	
   not	
   result	
   in	
   the	
   low	
   energy	
   d-­‐d	
   band	
   associated	
  with	
   Ni(II/I),	
   but	
   rather	
   a	
  

growth	
  of	
  in	
  the	
  π!π*	
  region	
  of	
  the	
  spectrum,	
  likely	
  due	
  to	
  ligand	
  reduction.	
  	
  

 

Figure	
  3.6.	
  (Left):	
  EPR	
  spectrum	
  of	
  [NiH2L1]+	
  at	
  77	
  K.	
  1e-­‐	
  reduced	
  species	
  was	
  prepared	
  by	
  
addition	
  of	
  1	
  eq	
  KC8	
   in	
  DMF/THF	
  (1:1).	
   (Right):	
  Absorption	
  spectrum	
  of	
   [NiH2L]+	
   (black)	
  
and	
  [NiH2L1]2+	
  (blue).	
  Potential	
  held	
  at	
  -­‐1.2	
  V	
  vs.	
  Fc+/0,	
  50	
  µM,	
  0.2	
  M	
  Bu4PF6	
  in	
  DMF.	
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Reduction	
  of	
  [NiH2L3](BF4)2	
  also	
  does	
  not	
  display	
  the	
  Ni(II/I)	
  characteristics	
  seen	
  in	
  

Ni(salen).	
  Two	
  irreversible	
  cathodic	
  events	
  at	
  -­‐1.41	
  and	
  -­‐1.65	
  V	
  are	
  observed	
  in	
  the	
  cyclic	
  

voltammogram	
  of	
  [NiH2L3]2+.	
  The	
  EPR	
  spectrum	
  of	
  the	
  1e-­‐	
  reduced	
  species	
  give	
  an	
  isotropic	
  

signal	
  at	
  g	
  =	
  2.0	
  with	
  no	
  observable.	
  SEC-­‐UV-­‐Vis	
  displays	
  a	
  shoulder	
  upon	
  reduction	
  in	
  the	
  

π!π*	
  region,	
  similar	
  to	
  what	
  was	
  observed	
  for	
  [NiH2L1]2+.	
  	
  

	
  	
  	
  	
    

Figure	
  3.7.	
   Cyclic	
   voltammograms	
  of	
  Ni(salen)	
   (black)	
   and	
   [NiH2L3](BF4)2	
   (red).	
   2.0	
  mM	
  
sample,	
  0.2	
  M	
  Bu4NPF6	
  in	
  DMF,	
  100	
  mV/s	
  scan	
  rate.	
  

 
	
   The	
   reduction	
   of	
   both	
   [NiH2L1](BF4)2	
   and	
   [NiH2L3](BF4)2	
   do	
   not	
   display	
   the	
  

characteristics	
  of	
  Ni(I)	
  as	
  seen	
  in	
  Ni(salen)	
  but	
  more	
  closely	
  resemble	
  the	
  features	
  seen	
  in	
  

Ni(salp).	
   It	
   is	
   likely	
   that	
   the	
  reduction	
  of	
   the	
  [NiH2L]2+	
  complexes	
  does	
  not	
  happen	
  at	
   the	
  

metal	
  center,	
  but	
  on	
  the	
  ligand,	
  which	
  is	
  influenced	
  by	
  the	
  phenolic	
  protons	
  in	
  the	
  second	
  

pocket.	
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Figure	
  3.8.	
  (Right):	
  EPR	
  spectrum	
  of	
  [NiH2L3]+	
  at	
  77	
  K.	
  1e-­‐	
  reduced	
  species	
  was	
  prepared	
  
by	
  addition	
  of	
  1	
  eq	
  KC8	
  in	
  DMF/THF	
  (1:1).	
  (Left):	
  Absorption	
  spectrum	
  of	
  [NiH2L3]+	
  (black)	
  
and	
  [NiH2L3]2+	
  (blue).	
  Potential	
  held	
  at	
  -­‐1.5	
  V	
  vs.	
  Fc+/0,	
  50	
  µM,	
  0.2	
  M	
  Bu4PF6	
  in	
  DMF.	
  

	
  

The	
   bimetallic	
   complexes	
   [NiML]2+	
   present	
   more	
   difficulty	
   with	
   regards	
   to	
  

characterizing	
  the	
  intermediates.	
  Reduction	
  of	
  Ni(II)	
  to	
  Ni(I)	
  generates	
  a	
  magnetic	
  orbital	
  

for	
  which	
   a	
   paramagnetic	
  metal	
   can	
   then	
   couple	
   to.	
   This	
   is	
   generally	
   the	
   case	
   for	
   these	
  

complexes,	
   resulting	
   in	
   antiferromagnetic	
   coupling	
   through	
   the	
   phenoxo	
   bridge.	
   Since	
  

magnetic	
  coupling	
  makes	
  EPR	
  characterization	
  difficult,	
  the	
  absorption	
  spectrum	
  can	
  then	
  

be	
  used	
  to	
  help	
  identify	
  the	
  reduced	
  species.	
  The	
  absorption	
  features	
  seen	
  in	
  Ni(salen)	
  have	
  

also	
  been	
  observed	
  by	
  Okawa	
  for	
  [NiMnL4]+,	
  which	
  gives	
  us	
  a	
  method	
  for	
  assigning	
  Ni(II/I)	
  

couples.100,104	
   Unlike	
   the	
   [NiH2L]2+	
   complexes,	
   reduction	
   of	
   the	
   complexes	
   [NiMLn]2+	
  

complexes	
  (where	
  n	
  =	
  1,3	
  and	
  M	
  =	
  Ni,	
  Co,	
  Fe)	
  resemble	
  Ni(II/I)	
  reductions.	
  As	
  can	
  be	
  seen	
  

in	
   Figure	
   3.9,	
   [Ni2L3]2+	
   and	
   [NiCoL3]2+	
   have	
   reversible	
   couples	
   at	
   -­‐1.20	
   V	
   and	
   -­‐1.24	
   V,	
  

respectively,	
  while	
  [Ni2L3]2+	
  has	
  a	
  second,	
  irreversible	
  couple	
  at	
  -­‐1.52	
  V	
  and	
  [NiCoL3]2+	
  has	
  

a	
   quasireversible	
   couple	
   at	
   -­‐1.65	
   V.	
   Reduction	
   of	
   each	
   complex	
   by	
   1e-­‐	
   generates	
   a	
   low	
  

energy	
  d-­‐d	
  band,	
  similar	
  to	
  what	
  is	
  observed	
  for	
  Ni(salen).	
  The	
  reduction	
  of	
  [NiCoL2](BF4)2	
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has	
  been	
  described	
  in	
  this	
  same	
  manner,	
  with	
  the	
  first	
  reduction	
  corresponding	
  to	
  NiICoII	
  

and	
  the	
  second	
  reduction	
  as	
  the	
  NiICoI	
  species.100,104	
  	
  

 

Figure	
  3.9.	
   Cyclic	
   voltammograms	
  of	
   [NiML3](BF4)2	
   {M	
  =	
   Co	
   (green),	
  Ni	
   (blue)}.	
   2.0	
  mM	
  
complex,	
  0.2	
  M	
  Bu4NPF6	
  in	
  DMF,	
  100	
  mV/s	
  scan	
  rates.	
  

 
This	
  d-­‐d	
  band	
  was	
  also	
  observed	
  upon	
  the	
  reduction	
  of	
  {[NiL1]2-­‐µ-­‐Fe}2+	
  and	
  {[NiL1]2-­‐

µ-­‐Co}2+	
  at	
  the	
  first	
  reduction	
  potential.	
  The	
  similarities	
  in	
  reduction	
  potential	
  as	
  well	
  as	
  the	
  

appearance	
  of	
  the	
  d-­‐d	
  band	
  may	
  indicate	
  that	
  the	
  first	
  reduction	
  is	
  likely	
  the	
  Ni(II/I)	
  couple.	
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Figure	
   3.10.	
   (Top	
   left):	
   Absorption	
   spectrum	
   of	
   [NiCoL3]+	
   (black)	
   and	
   [NiCoL3]2+	
   (blue).	
  
(Top	
   right):	
   Absorption	
   spectrum	
   of	
   [Ni2L3]+	
   (black)	
   and	
   [Ni2L3]2+	
   (blue).	
   (Bottom	
   left):	
  
Absorption	
  spectrum	
  of	
  {[NiL1]2-­‐µ-­‐Fe}+	
  (black)	
  and	
  {[NiL1]2-­‐µ-­‐Fe}2+	
  (blue).	
  (Bottom	
  right):	
  
Absorption	
  spectrum	
  of	
  {[NiL1]2-­‐µ-­‐Co}+	
  (black)	
  and	
  {[NiL1]2-­‐µ-­‐Co}2+	
  (blue).	
  Potentials	
  held	
  
at	
  past	
  the	
  first	
  reduction	
  potential	
  vs.	
  Fc+/0,	
  50	
  µM,	
  0.2	
  M	
  Bu4PF6	
  in	
  DMF.	
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CHAPTER	
  4	
  

Interaction	
  with	
  CO2	
  

4.1	
  Influence	
  of	
  Na+	
  on	
  Co(salen)	
  

It	
  has	
  been	
  observed	
  since	
  the	
  1980’s	
   that	
   the	
  Co(salen)	
   family,	
  upon	
  reduction	
   in	
  

the	
   presence	
   of	
   alkali	
   metals,	
   can	
   bind	
   and	
   reduce	
   carbon	
   dioxide	
   by	
   two	
   electrons	
   to	
  

carbon	
   monoxide,	
   albeit	
   at	
   low	
   turnovers.12,68-­‐71	
   Figure	
   4.1	
   shows	
   the	
   cyclic	
  

voltammograms	
  of	
   Co(salp)	
   in	
   the	
  presence	
   of	
   CO2	
   and	
   acid.	
   It	
   is	
   observed	
   that	
  minimal	
  

changes	
  occur	
  with	
  CO2	
  alone,	
  and	
  that	
  addition	
  of	
  acid	
  results	
  in	
  a	
  positive	
  shift	
  in	
  the	
  first	
  

reduction	
   with	
   a	
   slight	
   increase	
   in	
   current.	
   This	
   is	
   attributed	
   to	
   H+	
   reduction,	
   which	
   is	
  

known	
  to	
  occur.	
  However,	
  with	
  the	
  introduction	
  of	
  Na+,	
  a	
  new	
  cathodic	
  wave	
  arises	
  which	
  

has	
  been	
  reported	
  to	
  be	
  the	
  reduction	
  of	
  the	
  bicarbonate	
  bound	
  intermediate	
  (see	
  Figure	
  

1.13).12	
   Again,	
   there	
   is	
   a	
   large	
   current	
   increase	
   in	
   the	
   presence	
   of	
   H+,	
   indicative	
   of	
   H2	
  

production	
   with	
   small	
   amounts	
   of	
   CO2	
   reduction.	
   Ni(salen)	
   and	
   Ni(salp)	
   do	
   not	
   show	
  

interactions	
  with	
  CO2	
  with	
  or	
  without	
  the	
  presence	
  of	
  alkali	
  metals.	
  	
  

  

Figure	
  4.1.	
  (Left):	
  Cyclic	
  voltammogram	
  of	
  Co(salp)	
  under	
  CO2	
  in	
  the	
  absence	
  of	
  Na+.	
  0.2	
  M	
  
Bu4NPF6	
  in	
  DMF,	
  100	
  mV/s	
  scan	
  rate.	
  NH4+	
  =	
  [NH4][BF4]	
  (Right):	
  Cyclic	
  voltammogram	
  of	
  
Co(salp)	
  under	
  CO2	
  in	
  the	
  presence	
  of	
  Na+.	
  0.2	
  M	
  NaPF6	
  in	
  DMF,	
  100	
  mV/s	
  scan	
  rate. 
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4.2	
  Interactions	
  of	
  [NiML1](BF4)2	
  with	
  CO2	
  

	
   Complexes	
   with	
   L1	
   ligands	
   displayed	
   some	
   interaction	
   with	
   CO2.	
   Of	
   note	
   are	
   the	
  

complexes	
  {[NiL1]2-­‐µ-­‐Co}(BF4)2	
  and	
  {[NiL1]2-­‐µ-­‐Fe}(BF4)2,	
  shown	
  in	
  Figure	
  4.2.	
  Our	
  interest	
  

in	
  {[NiL1]2-­‐µ-­‐Fe}(BF4)2	
  was	
  due	
  to	
  the	
  elemental	
  similarity	
  to	
  CODH	
  II,	
  where	
  no	
  synthetic	
  

NiFe	
   bimetallic	
   complex	
   has	
   displayed	
   reactivity	
   with	
   CO2	
   or	
   CO.115-­‐119	
   Cyclic	
  

voltammograms	
  of	
  {[NiL1]2-­‐µ-­‐Fe}(BF4)2	
  in	
  DMF	
  displayed	
  an	
  irreversible	
  cathodic	
  event	
  at	
  

-­‐1.38	
   V.	
   Upon	
   exposure	
   to	
   carbon	
   dioxide,	
   no	
   current	
   increase	
   is	
   seen	
   at	
   this	
   potential;	
  

however,	
   an	
  onset	
   increase	
   in	
   current	
  occurs	
  at	
  potentials	
  past	
   the	
   first	
   reduction	
  event.	
  

This	
  displays	
  scan	
  rate	
  dependent	
  behavior,	
  with	
  onset	
  potentials	
  becoming	
  more	
  positive	
  

as	
  the	
  scan	
  rate	
   is	
  decreased	
  (Appendix	
  Figure	
  A5).	
  This	
  scan	
  rate	
  dependent	
  behavior	
   is	
  

also	
  seen	
   in	
   {[NiL1]2-­‐µ-­‐Co}(BF4)2	
  at	
  approximately	
   the	
  same	
  potential.	
   It	
   should	
  be	
  noted	
  

that	
  increases	
  in	
  current	
  beyond	
  -­‐1.9	
  V	
  were	
  not	
  investigated	
  due	
  to	
  direct	
  reduction	
  of	
  CO2	
  

on	
  the	
  glassy	
  carbon	
  working	
  electrode	
  in	
  DMF.	
  	
  

 

Figure	
  4.2.	
  Cyclic	
  voltammogram	
  of	
  {[NiL1]2-­‐µ-­‐Fe](BF4)2	
  under	
  CO2.	
  2.0	
  mM	
  complex,	
  0.2	
  M	
  
Bu4NBF4	
  in	
  DMF,	
  25	
  mV/s.	
  Interaction	
  of	
  CO2	
  on	
  a	
  glassy	
  carbon	
  electrode	
  in	
  the	
  absence	
  of	
  
complex	
  shown	
  in	
  dotted	
  black	
  line.	
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   [NiH2L1](BF4)2	
   and	
   [NiZnL1](BF4)2	
   also	
   showed	
   onset	
   current	
   increases	
   in	
   the	
  

presence	
  of	
  CO2,	
  though	
  at	
  more	
  negative	
  potentials	
  (Appendix	
  Figure	
  A8	
  &	
  A10).	
  This	
  too	
  

showed	
   scan	
   rate	
   dependent	
   behavior,	
   with	
   [NiH2L1](BF4)2	
   showing	
   only	
   slightly	
   more	
  

positive	
   onset	
   potentials	
   at	
   slow	
   scan	
   rates	
   (<	
   25	
   mV/s)	
   and	
   [NiZnL1](BF4)2	
   showing	
  

modest	
  potential	
  shifts.	
  	
  

These	
   results	
   were	
   corroborated	
   using	
   bulk	
   chemical	
   reduction	
   and	
  

spectroelectrochemistry	
   to	
   monitor	
   the	
   reaction	
   with	
   CO2	
   by	
   molecular	
   spectroscopy.	
  

Holding	
   the	
   potentials	
   past	
   the	
   first	
   cathodic	
   event	
   generates	
   the	
   1e-­‐	
   reduced	
   product,	
  

whereby	
  introduction	
  of	
  CO2	
  induces	
  change	
  in	
  the	
  absorption	
  spectrum	
  shown	
  Figure	
  4.3.	
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Figure	
  4.3.	
  (Top	
  left):	
  Electrolysis	
  of	
  {[NiL1]2-­‐µ-­‐Fe}2+.	
  Potential	
  held	
  at	
  -­‐1.6	
  V	
  vs.	
  Fc+/0.	
  0.2	
  
M	
  Bu4NBF4	
   in	
  DMF	
  under	
  Ar.	
   (Top	
  right):	
  Addition	
  of	
  CO2	
   to	
  electrolyzed	
  {[NiL1]2-­‐µ-­‐Fe}+.	
  
Inset:	
   time	
  vs.	
   absorbance	
  at	
  371	
  nm	
  after	
   the	
  addition	
  of	
  CO2.	
   (Bottom	
   left):	
  Addition	
  of	
  
CO2	
   to	
   electrolyzed	
   [NiZnL1]+.	
   Inset:	
   time	
   vs.	
   absorbance	
   at	
   385	
   nm	
   after	
   the	
   addition	
   of	
  
CO2.	
  (Bottom	
  right):	
  Addition	
  of	
  CO2	
  to	
  electrolyzed	
  [NiH2L1]+.	
  Inset:	
  time	
  vs.	
  absorbance	
  at	
  
376	
  nm	
  after	
  the	
  addition	
  of	
  CO2.	
  

 
	
   Although	
  these	
  results	
  indicate	
  an	
  interaction	
  with	
  CO2,	
  no	
  CO	
  was	
  detected	
  during	
  

bulk	
   electrolysis.	
   This	
   could	
   be	
   explained	
   by	
   the	
   structure	
   of	
   the	
   complexes.	
   As	
   stated	
  

throughout	
  the	
  text,	
  we	
  believe	
  that	
  CO2	
  reduction	
  is	
  facilitated	
  by	
  cooperation	
  among	
  the	
  

metal	
   ions.	
  With	
   respect	
   to	
   the	
   structure	
   shown	
   in	
   Figure	
   2.2,	
   a	
   cooperative	
   interaction	
  

between	
   the	
   Ni	
   and	
   Fe	
   ions	
   of	
   {[NiL1]2-­‐µ-­‐Fe}(BF4)2	
   is	
   not	
   likely	
   unless	
   the	
   complex	
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dissociates	
   upon	
   reduction.	
   It	
   is	
   due	
   to	
   this	
   structural	
   interference	
   that	
   we	
   pursued	
  

complexes	
  containing	
  the	
  L2	
  ligand	
  to	
  avoid	
  the	
  hindrance	
  made	
  by	
  complex	
  dimerization.	
  

	
  

4.3	
  Interactions	
  of	
  [NiML2](BF4)2	
  with	
  CO2	
  

	
   Of	
   the	
   complexes	
   containing	
   the	
   L2	
   ligand,	
   [NiCoL2](BF4)2	
   displayed	
   the	
   most	
  

promising	
   results.	
   The	
   cyclic	
   voltammogram	
   of	
   [NiCoL2](BF4)2	
   contains	
   two	
  

quasireversible	
   reduction	
   events	
   at	
   -­‐1.41	
  V	
   and	
   -­‐1.59	
  V	
   pertaining	
   to	
   the	
  Ni(II/I)	
   couple	
  

and	
   Co(II/I)	
   couple,	
   respectively.100	
   Introduction	
   of	
   carbon	
   dioxide	
   does	
   not	
   result	
   in	
   a	
  

current	
  increase,	
  but	
  perturbations	
  in	
  the	
  cyclic	
  voltammogram	
  are	
  observed.	
  A	
  reductive	
  

event	
  at	
  -­‐1.79	
  V	
  appears,	
  while	
  the	
  anodic	
  wave	
  associated	
  with	
  Co(I/II)	
  couple	
  disappears.	
  

Introduction	
  of	
  a	
  protic	
  source,	
  [NH4][BF4]	
  induces	
  a	
  large	
  current	
  increase	
  with	
  an	
  onset	
  

potential	
  of	
  -­‐1.4	
  V.	
  The	
  maximum	
  current	
  starts	
  at	
  -­‐1.61	
  V	
  and	
  increases	
  linearly	
  with	
  the	
  

concentration	
  of	
  H+,	
  plateauing	
  at	
  a	
  maximum	
  current	
  at	
  -­‐1.82	
  V,	
  shown	
  in	
  Figure	
  4.4.	
  

 

Figure	
  4.4.	
  (Left):	
  Cyclic	
  voltammogram	
  of	
  [NiCoL2](BF4)2	
  under	
  N2	
  (black)	
  and	
  CO2	
  (blue).	
  
0.2	
  M	
  Bu4NPF6	
  in	
  DMF,	
  25	
  mV/s.	
  (Right):	
  Cyclic	
  voltammogram	
  of	
  [NiCoL2](BF4)2	
  under	
  N2	
  
(black),	
  CO2	
  (blue),	
  and	
  increasing	
  equivalents	
  of	
  [NH4][BF4]	
  (red-­‐purple).	
  Inset:	
  Current	
  vs.	
  
[H+]	
  for	
  the	
  addition	
  of	
  [NH4][BF4].	
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Introduction	
  of	
  protic	
  sources	
  in	
  the	
  absence	
  of	
  CO2	
  likewise	
  results	
  in	
  an	
  increase	
  

in	
  current.	
  Figure	
  4.5	
  illustrates	
  this;	
  however,	
  after	
  2	
  equivalents	
  of	
  acid	
  have	
  been	
  added,	
  

the	
  addition	
  of	
  CO2	
  still	
  produces	
  an	
  increase	
  in	
  current.	
  Furthermore,	
  the	
  reversibility	
  of	
  

the	
  Co(II/I)	
  couple	
  diminishes	
  only	
  in	
  the	
  presence	
  of	
  both	
  H+	
  and	
  CO2,	
  indicating	
  catalytic	
  

behavior.	
  

 

Figure	
   4.5.	
   Cyclic	
   voltammogram	
   of	
   [NiCoL2](BF4)2	
   under	
   N2	
   (black),	
   1-­‐2	
   equivalents	
   of	
  
[NH4][BF4]	
  under	
  N2	
  (red),	
  and	
  the	
  addition	
  of	
  CO2	
  (blue).	
  0.2	
  M	
  Bu4NPF6	
  in	
  DMF,	
  25	
  mV/s.	
  

 
Attempts	
   to	
   characterize	
   the	
   intermediates	
   formed	
   upon	
   electrocatalysis	
   did	
   not	
  

yield	
  carbonyl	
  stretches	
  in	
  the	
  IR.	
  CO2	
  is	
  known	
  to	
  reduce	
  on	
  Pt	
  electrodes	
  at	
  -­‐1.7	
  V	
  vs.	
  Fc+/0	
  

to	
  carbonate,	
  with	
  stretching	
  frequencies	
  around	
  1650	
  cm-­‐1,	
  while	
  the	
  other	
  product	
  CO	
  is	
  

not	
  seen	
  due	
  to	
  the	
  cell	
  used,	
  so	
  care	
  must	
  be	
  used	
  in	
  interpretation	
  of	
  SEC-­‐IR	
  results.11,120	
  

Bulk	
  electrolysis	
  was	
  run	
  at	
  potentials	
  held	
  past	
  the	
  first	
  and	
  second	
  reduction	
  potential	
  at	
  

-­‐1.4	
   and	
   -­‐1.65	
   V,	
   respectively.	
   Large	
   amounts	
   of	
   hydrogen	
   were	
   detected	
   via	
   gas	
  

chromatography,	
   indicating	
   that	
   the	
   catalysis	
   observed	
   during	
   cyclic	
   voltammetry	
   is	
   a	
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result	
   of	
   H+	
   reduction	
   to	
   H2;	
   no	
   carbon	
   monoxide	
   was	
   detected.	
   FT-­‐IR	
   of	
   the	
   sample	
  

following	
  electrolysis	
  did	
  not	
  result	
  in	
  the	
  detection	
  of	
  carbonyl	
  stretches.	
  

 

Figure	
   4.6.	
   (Left):	
   Cyclic	
   voltammogram	
   of	
   [NiCoL2](BF4)2	
   before	
   electrolysis.	
   1.0	
   mM	
  
complex,	
  0.2	
  M	
  Bu4NPF6	
  in	
  DMF,	
  2.0	
  mM	
  [NH4][BF4],	
  100	
  mV/s.	
  (Right):	
  Time	
  vs.	
  current	
  of	
  
[NiCoL2](BF4)2	
  during	
  electrolysis.	
  	
  

 
It	
   has	
   been	
   mentioned	
   that	
   of	
   the	
   complexes	
   containing	
   the	
   L2	
   ligand,	
   only	
  

[NiCoL2](BF4)2	
  displayed	
  promising	
  cyclic	
  voltammograms	
  in	
  the	
  presence	
  of	
  CO2.	
  It	
  should	
  

be	
  noted	
  that	
  similar	
  complexes,	
  such	
  as	
  [NiFeL2](BF4)2	
  showed	
  only	
  subtle	
  changes	
  in	
  the	
  

reversible	
  behavior	
  upon	
  the	
  introduction	
  of	
  CO2;	
  however,	
  in	
  the	
  presence	
  of	
  acid,	
  the	
  only	
  

activity	
  that	
  was	
  observed	
  is	
  likely	
  due	
  to	
  H+	
  reduction	
  (Figure	
  A14).	
  

	
  

4.4	
  Interactions	
  of	
  [NiML3](BF4)2	
  with	
  CO2	
  

	
   Complexes	
  containing	
  the	
  L3	
  ligand	
  did	
  not	
  show	
  promising	
  behavior	
  for	
  reduction	
  

of	
  CO2.	
  Introduction	
  of	
  CO2	
  into	
  solutions	
  containing	
  [NiML3](BF4)2,	
  such	
  as	
  [NiCoL3](BF4)2,	
  

did	
   not	
   show	
   features	
   in	
   the	
   cyclic	
   voltammogram	
   indicative	
   of	
   interaction.	
   Addition	
   of	
  

[NH4][BF4]	
  resulted	
  in	
  a	
  current	
  increases	
  beyond	
  the	
  Co(II/I)	
  couple.	
  Activity	
  with	
  protons	
  

under	
  inert	
  atmosphere	
  was	
  noticed,	
  however,	
  the	
  sample	
  displayed	
  crossover	
  behavior	
  in	
  

the	
   cyclic	
   voltammogram	
   under	
   these	
   conditions.	
   Interestingly,	
   the	
   addition	
   of	
   carbon	
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dioxide	
   caused	
   the	
   crossover	
   event	
   to	
   be	
   noticeably	
   absent,	
   indicating	
   possible	
  

interference/reaction	
  with	
  CO2	
   in	
  protic	
  conditions.	
  This	
  possible	
   interaction	
  of	
  CO2	
  with	
  

these	
  complexes	
  remains	
  undetermined.	
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CHAPTER	
  5	
  

Summary	
  and	
  Conclusions	
  

	
   Our	
  aim	
  was	
  to	
  develop	
  bimetallic	
  complexes	
  that	
  acted	
  in	
  a	
  way	
  similar	
  to	
  CODH	
  II	
  

that	
   work	
   cooperatively	
   to	
   reduce	
   carbon	
   dioxide	
   by	
   2e-­‐.	
   The	
   complex	
   design	
   was	
  

influenced	
  by	
  the	
  Co(salen)	
  system,	
  utilizing	
  a	
  Robson-­‐type	
  macrocycle	
  to	
  bring	
  two	
  metal	
  

ions	
  into	
  close	
  proximity	
  that	
  could	
  be	
  tuned	
  to	
  work	
  together	
  to	
  bind	
  and	
  reduce	
  CO2.	
  The	
  

synthesis	
   and	
   characterization	
   detailed	
   in	
   Chapter	
   2	
   presented	
   surprising	
   results	
   that	
  

required	
   ligand	
  modifications	
   to	
   address	
   unforeseen	
   issues.	
   It	
   was	
   shown	
   that	
   template	
  

syntheses	
   involving	
   [Ni(H2O)6](BF4)2	
   incorporated	
  a	
   single	
  nickel	
   ion,	
   leaving	
   the	
   second	
  

binding	
   site	
   available	
   to	
   add	
   a	
   different	
   metal	
   ion.	
   However,	
   the	
   diamine	
   used	
   (phenyl,	
  

propyl,	
   ethyl)	
   controlled	
   the	
   flexibility	
   of	
   the	
   pocket,	
   with	
   1,3-­‐diaminopropane	
   (L2)	
  

allowing	
  stoichiometric	
  insertion	
  while	
  o-­‐phenylenediamine	
  (L1)	
  and	
  ethylenediamine	
  (L3)	
  

were	
  too	
  rigid	
  to	
  allow	
  addition	
  of	
  larger	
  metal	
  ions	
  (e.g.	
  Fe(II)	
  and	
  Mn(II)).	
  Synthetically,	
  

complexes	
   containing	
   the	
   L2	
   ligand	
  present	
   challenges	
   regarding	
   characterization.	
  Nickel	
  

adopts	
   a	
   6-­‐coordinate	
   geometry	
   in	
   L2,	
   allowing	
   a	
  magnetic	
   orbital	
   on	
  Ni	
   to	
   interact	
  with	
  

magnetic	
   orbitals	
   of	
   the	
   second	
   metal	
   through	
   the	
   phenoxo-­‐bridge,	
   leading	
   to	
  

antiferromagnetic	
  coupling.	
  Complexes	
  containing	
  L3	
  were	
  the	
  best	
  characterized,	
  with	
  the	
  

complexes	
   easily	
   crystallized.	
   It	
  was	
   shown	
   that	
   these	
   complexes	
   retained	
   square	
  planar	
  

geometry	
  for	
  Ni(II),	
  resulting	
  in	
  a	
  simple	
  paramagnet	
  upon	
  insertion	
  of	
  a	
  second	
  metal	
  ion.	
  	
  

	
   The	
   complexes	
  displayed	
  varying	
   redox	
  behavior,	
  with	
   compounds	
  of	
   the	
   formula	
  

[NiH2Ln](BF4)2	
   (with	
  n	
  =	
  1	
  &	
  3)	
  displaying	
   ligand	
   reductions,	
  while	
  bimetallic	
   complexes	
  

[NiMLn](BF4)2	
   (with	
  M	
  =	
  Ni,	
  Co,	
  Fe	
  and	
  n	
  =	
  1	
  &	
  3)	
  displaying	
  what	
  appears	
   to	
  be	
  Ni(II/I)	
  

reductions	
  as	
  the	
  first	
  reduction	
  process,	
  with	
  this	
  assessment	
  supported	
  in	
  the	
  literature.	
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   Complexes	
   containing	
   L1	
   and	
   L3	
   did	
   not	
   show	
   promising	
   reactivity	
   with	
   CO2	
   for	
  

reduction.	
   {[NiL1]2-­‐µ-­‐Fe}(BF4)2	
   displayed	
   interaction	
   with	
   CO2	
   after	
   reduction	
   of	
   the	
  

complex	
  by	
  1e-­‐.	
  The	
  details	
  of	
  this	
  interaction	
  are	
  not	
  yet	
  understood,	
  but	
  it	
  does	
  not	
  lead	
  

the	
  production	
  of	
   CO.	
  Of	
   the	
   complexes	
  made	
   in	
  Chapter	
  2,	
   the	
  most	
   promising	
   example	
  

was	
   the	
   complex	
   [NiCoL2](BF4)2,	
   which	
   displayed	
   catalytic	
   behavior	
   in	
   the	
   cyclic	
  

voltammogram	
   in	
   acidic	
   conditions;	
   however,	
   H2	
   and	
   not	
   CO	
   was	
   detected	
   during	
   bulk	
  

electrolysis.	
  	
  

	
   Although	
  these	
  complexes	
  did	
  not	
  result	
  in	
  CO	
  production,	
  we	
  believe	
  that	
  the	
  right	
  

combination	
  of	
  acid	
  and	
  base,	
  along	
  with	
  contributions	
  from	
  the	
  ligand	
  macrocycle,	
  could	
  

lead	
  to	
  an	
  effective	
  method	
  to	
  bind	
  and	
  reduce	
  CO2	
  at	
  low	
  overpotentials.	
  Although	
  nature	
  

has	
   had	
   much	
   more	
   time	
   to	
   tune	
   CODH	
   II,	
   our	
   understanding	
   of	
   the	
   importance	
   of	
  

cooperative	
  effects	
  has	
  increased	
  dramatically	
  in	
  the	
  last	
  two	
  decades,	
  and	
  should	
  continue	
  

to	
  develop	
  as	
  more	
  complexes	
  display	
  these	
  properties.	
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CHAPTER	
  6	
  

Experimental	
  

6.1.	
  Synthetic	
  Methods	
  &	
  Materials	
  

Many	
   of	
   the	
   complexes	
   described	
   below	
   are	
   air-­‐sensitive,	
   and	
   must	
   be	
   handled	
  

under	
   an	
   inert	
   atmosphere	
   of	
   nitrogen	
  using	
   standard	
   glovebox	
   and	
   Schlenk	
   techniques.	
  

Unless	
   otherwise	
   noted,	
   all	
   procedures	
   were	
   performed	
   at	
   ambient	
   temperature	
   (21-­‐24	
  

°C).	
   All	
   solvents	
  were	
   sparged	
  with	
   argon	
   and	
   dried	
   using	
   a	
   solvent	
   purification	
   system.	
  

Acetonitrile,	
   ethereal,	
   and	
   halogenated	
   solvents	
   were	
   passed	
   through	
   two	
   columns	
   of	
  

neutral	
   alumina.	
   DMF	
   and	
   alcohol	
   solvents	
   were	
   passed	
   through	
   columns	
   of	
   activated	
  

molecular	
   sieves.	
   The	
   ligands	
   salen,	
   salophen,	
   sal-­‐pren	
   and	
   the	
   metal	
   starting	
   materials	
  

[M(CH3CN)4-­‐6][BF4]2	
   were	
   synthesized	
   according	
   to	
   established	
   procedures.	
   Potassium	
  

graphite	
   (KC8)	
   was	
   synthesized	
   by	
   heating	
   stoichiometric	
   amounts	
   of	
   potassium	
   and	
  

graphite	
   in	
   drybox	
   until	
   a	
   homogenous	
   bronze-­‐colored	
   powder	
   was	
   obtained.	
   All	
   other	
  

materials,	
   including	
   CO2	
   (99.999%)	
   and	
   CO	
   (99.5%),	
   were	
   purchased	
   from	
   commercial	
  

sources	
  and	
  used	
  without	
  further	
  purification.	
  

	
  

6.2.	
  Physical	
  Methods	
  

Elemental	
  analyses	
  (EA)	
  were	
  performed	
  on	
  a	
  Perkin	
  Elmer	
  2400	
  Series	
  II	
  CHNS/O	
  

analyzer.	
   Electrospray	
   ionization	
   mass	
   spectrometry	
   (ESI-­‐MS)	
   was	
   performed	
   with	
   a	
  

Micromass	
  LCT	
  mass	
  spectrometer.	
  Gas	
  chromatography	
  (GC)	
  was	
  performed	
  on	
  an	
  Agilent	
  

Technologies	
   7890A	
   GC	
   system	
   with	
   a	
   front	
   TCD	
   inlet	
   and	
   detector.	
   Samples	
   were	
   run	
  

using	
   a	
   500	
   mL	
   injection	
   using	
   a	
   5:1	
   split	
   injection	
   method.	
   The	
   column	
   used	
   was	
   a	
  

isothermally	
   at	
   40	
   °C.	
   Nuclear	
   magnetic	
   resonance	
   (NMR)	
   spectra	
   were	
   recorded	
   on	
   a	
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Bruker	
   GN500	
   spectrometer	
   with	
   a	
   BBO	
   probe	
   (1H	
   and	
   13C).	
   1H	
   NMR	
   spectra	
   were	
  

referenced	
   to	
  TMS	
  using	
   the	
  residual	
  proteo	
   impurities	
  of	
   the	
  solvent;	
  All	
   chemical	
  shifts	
  

are	
  reported	
  in	
  the	
  standard	
  δ	
  notation	
  in	
  parts	
  per	
  million;	
  positive	
  chemical	
  shifts	
  are	
  to	
  a	
  

higher	
   frequency	
   from	
  the	
  given	
  reference.	
  Solution	
  magnetic	
  moments	
  were	
  determined	
  

by	
   Evans	
   Method	
   using	
   a	
   sealed	
   capillary	
   containing	
   either	
   5%	
   CH2Cl2/d6-­‐DMSO	
   as	
   an	
  

internal	
  reference.121	
  Perpendicular-­‐mode	
  X-­‐band	
  electron	
  paramagnetic	
  resonance	
  (EPR)	
  

spectra	
   were	
   collected	
   using	
   a	
   Bruker	
   EMX	
   spectrometer.	
   Infrared	
   (IR)	
   absorption	
  

measurements	
   were	
   taken	
   as	
   liquid	
   films	
   on	
   a	
   Varian	
   1000	
   spectrophotometer.	
  

Spectroelectrochemical	
   experiments	
   were	
   performed	
   using	
   a	
   3-­‐electrode	
   cell	
   with	
   gold	
  

working,	
   silver	
   reference,	
   and	
   gold	
   counter	
   electrodes.	
   Background	
   spectra	
   were	
   taken	
  

before	
   electrolysis,	
   and	
   difference	
   spectra	
   were	
   collected	
   while	
   applying	
   a	
   controlled	
  

potential.	
   For	
   each	
   experiment,	
   potentials	
   were	
   measured	
   and	
   applied	
   relative	
   to	
   an	
  

internal	
   ferrocene	
   reference.	
   Electrochemical	
   experiments	
   were	
   carried	
   out	
   with	
   a	
   Pine	
  

Wavedriver	
   10	
   potentiostat.	
   Electrochemical	
   experiments	
   were	
   carried	
   out	
   in	
   an	
  

acetonitrile	
  or	
  DMF	
  solution	
  with	
  ~	
  2.0	
  mM	
  analyte	
  and	
  0.20	
  M	
  Bu4NPF6	
  or	
  Bu4NBF4.	
  The	
  

working	
  electrode	
  was	
  a	
  glassy	
  carbon	
  disc	
  with	
  a	
  diameter	
  of	
  3	
  mm	
  or	
  1	
  mm;	
  the	
  counter	
  

electrode	
  was	
  a	
  glassy	
  carbon	
  rod;	
  and	
  the	
  reference	
  electrode	
  was	
  a	
  silver	
  wire	
  in	
  0.20	
  M	
  

Bu4NPF6	
  or	
  Bu4NBF4	
  in	
  CH3CN	
  separated	
  from	
  the	
  bulk	
  solution	
  by	
  a	
  Vycor	
  frit.	
  Potentials	
  

were	
   referenced	
   at	
   100	
   mV/s	
   (unless	
   otherwise	
   noted)	
   to	
   the	
   ferrocene/ferrocenium	
  

couple	
  at	
  0	
  V	
  using	
  ferrocene	
  as	
  an	
  internal	
  reference.	
  M(salen)	
  and	
  Fsal-­‐n-­‐M	
  (where	
  M	
  =	
  

Co,	
  Ni,	
  n	
  =	
  2,3)	
  were	
  prepared	
  according	
  to	
  literature	
  methods.67,98,99,101,122	
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6.2.1.	
  Detection	
  of	
  products	
  by	
  GC	
  

Bulk	
   electrolysis	
  was	
   carried	
   out	
   using	
   a	
   single	
   compartment	
   cell	
  with	
   a	
  working	
  

electrode	
   (vitreous	
   carbon),	
   reference	
   electrode	
   (silver	
  wire	
   in	
   0.2	
  M	
  Bu4NPF6	
   in	
   CH3CN	
  

separated	
   by	
   Vycor	
   frit)	
   and	
   a	
   counter	
   electrode	
   (vitreous	
   carbon).	
   The	
   working	
  

compartment	
  contained	
  >	
  2.0	
  mM,	
  0.20	
  M	
  Bu4NPF6,	
  and	
  2.0	
  mM	
  NH4BF4	
  in	
  acetonitrile.	
  The	
  

headspace	
   of	
   the	
   working	
   compartment	
   was	
   sampled	
   by	
   syringe.	
   The	
   method	
   for	
   CO	
  

detection	
  utilized	
  a	
  split	
  5:1	
  split	
  injection,	
  operating	
  under	
  isothermal	
  conditions	
  at	
  40°C,	
  

helium	
  carrier	
  gas	
  and	
  500	
  µL	
  injections.	
  CO	
  was	
  detected	
  at	
  a	
  retention	
  time	
  of	
  c.a.	
  11	
  min,	
  

with	
  adequate	
  separation	
  from	
  N2	
  and	
  O2.	
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6.3.	
  M(SALEN)	
  SYNTHESIS	
  

	
  

6.3.1.	
  H2Salen	
  (salen	
  =	
  N,N’-­‐ethylenebis(salicylimine)).	
  	
  

	
  

To	
   a	
   solution	
   containing	
   salicylaldehyde	
   (8.26	
   mmol)	
   in	
   15	
   mL	
   of	
   ethanol	
   was	
   added	
  

ethylenediamine	
   (4.48	
  mmol)	
   in	
  minimal	
   ethanol.	
  The	
   solution	
  was	
  heated	
   to	
  60°C	
   for	
  5	
  

minutes,	
  whereby	
   the	
  yellow	
  crystals	
  were	
   filtered	
  and	
  washed	
  with	
   cold	
  ethanol.	
   (Yield	
  

93.4%).	
   1H	
  NMR	
   (500	
  MHz,	
  d6-­‐DMSO)	
  δ:	
  13.37	
   (2H,	
   s),	
   7.41	
   (2H,	
  dd),	
   7.31	
   (2H,	
   td),	
   6.86	
  

(4H,	
  m),	
  3.92	
  (4H,	
  s).	
  

	
  

OHO
2 + H2N NH2

OHN

N OH

  EtOH

2 h, 60°C
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6.3.2.	
  H2Salpn	
  (salpn	
  =	
  N,N’-­‐propylenebis(salicylimine)).	
  

	
  

To	
   a	
   solution	
   refluxing	
   ethanolic	
   solution	
   containing	
   salicylaldehyde	
   (4.21	
   mmol)	
   was	
  

added	
  1,3-­‐diaminopropane	
   (in	
  5	
  mL	
  CH3OH,	
  2.10	
  mmol).	
  The	
  solution	
  was	
  kept	
  at	
   reflux	
  

for	
  2	
  h,	
  whereby	
  the	
  solution	
  was	
  concentrated	
  under	
  vacuum	
  until	
  precipitate	
  formed.	
  The	
  

precipitate	
  was	
  filtered	
  and	
  washed	
  with	
  diethyl	
  ether	
  (5	
  mL,	
  3X).	
  (Yield	
  79.8%)	
  1H	
  NMR	
  

(500	
  MHz,	
  d6-­‐DMSO)	
  δ:	
  13.48	
  (2H,	
  broad	
  s),	
  8.58	
  (2H,	
  s),	
  7.42	
  (2H,	
  d),	
  7.32	
  (2H,	
  dd),	
  6.88	
  

(4H,	
  m),	
  3.68	
  (4H,	
  t),	
  2.02	
  (2H,	
  q).	
  

	
  

OHO
2 +

OHN

N OH
NH2H2N

  EtOH

2 h, 60°C
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6.3.3.	
  H2Salp	
  (salp	
  =	
  N,N’-­‐phenylenebis(salicylimine)).	
  

	
  

To	
   a	
   solution	
   containing	
   salicylaldehyde	
   (16.5	
  mmol)	
   in	
   15	
  mL	
   of	
   ethanol	
  was	
   added	
  o-­‐

phenylenediamine	
  (8.48	
  mmol)	
  in	
  minimal	
  ethanol.	
  The	
  solution	
  was	
  heated	
  to	
  60°C	
  for	
  30	
  

minutes,	
  whereby	
   the	
  orange	
  crystals	
  were	
   filtered	
  and	
  washed	
  with	
  cold	
  ethanol.	
   (Yield	
  

83.5%).	
  1H	
  NMR	
  (500	
  MHz,	
  d6-­‐DMSO)	
  δ:	
  13.09	
  (2H,	
  s),	
  8.78	
  (2H,	
  s),	
  7.52	
  (2H,	
  dd),	
  7.39	
  (4H,	
  

m),	
  6.98	
  (4H,	
  m).	
  

	
  

	
  

OHO
2 +

OHN

N OHNH2

NH2   EtOH

2 h, 60°C
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6.3.4.	
  Co(salen).	
  H2salen	
  (1.18	
  mmol)	
  was	
  dissolved	
   in	
  hot	
  ethanol	
   for	
  30	
  min	
  under	
  N2.	
  	
  

Co(C2H4O2)2*4H2O	
  (1.17	
  mmol)	
  in	
  water	
  was	
  added	
  dropwise	
  over	
  10	
  min	
  and	
  the	
  solution	
  

was	
  allowed	
  to	
  reflux	
  for	
  5	
  minutes.	
  The	
  red	
  product	
  was	
  filtered,	
  washed	
  with	
  water	
  and	
  

ether	
  and	
  dried	
  en	
  vacuo.	
  	
  

	
  

6.3.5.	
  Co(salpn).	
  H2salpn	
  (0.560	
  mmol)	
  was	
  dissolved	
  in	
  hot	
  ethanol	
  for	
  30	
  min	
  under	
  N2.	
  	
  

Co(C2H4O2)2*4H2O	
   (0.592	
   mmol)	
   in	
   water	
   was	
   added	
   dropwise	
   over	
   10	
   min	
   and	
   the	
  

solution	
  was	
  allowed	
  to	
  reflux	
  for	
  5	
  minutes.	
  The	
  tan	
  precipitate	
  was	
  filtered	
  and	
  washed	
  

with	
  water	
  (Yield	
  =	
  75.0%).	
  	
  

	
  

6.3.6.	
   Co(salp).	
  H2salp	
   (0.959	
  mmol)	
  was	
  dissolved	
   in	
  hot	
   ethanol	
   for	
   30	
  min	
  under	
  N2.	
  	
  

Co(C2H4O2)2*4H2O	
   (0.950	
   mmol)	
   in	
   water	
   was	
   added	
   dropwise	
   over	
   10	
   min	
   and	
   the	
  

solution	
  was	
  allowed	
  to	
  reflux	
  for	
  5	
  minutes.	
  The	
  red	
  product	
  was	
  filtered	
  and	
  washed	
  with	
  

water	
   (Yield	
  =	
  82.5%).	
   ESI-­‐MS	
  m/z:	
   372.98	
   (M+),	
   746.03	
   (2M+).	
   CV	
   (Bu4NBF4):	
   E1/2,	
   V	
   vs	
  

Fc/Fc+	
  	
  =	
  -­‐0.34	
  (Co3+/2+),	
  -­‐1.57	
  V	
  (Co2+/+).	
  

	
  

6.3.7.	
   Ni(salen).	
   H2salen	
   (0.887	
   mmol)	
   was	
   dissolved	
   in	
   hot	
   ethanol	
   for	
   30	
   min.	
  	
  

Ni(C2H4O2)2*4H2O	
   (0.899	
   mmol)	
   in	
   water	
   was	
   added	
   dropwise	
   over	
   10	
   min	
   and	
   the	
  

solution	
  was	
  allowed	
  to	
  reflux	
  for	
  5	
  minutes.	
  The	
  orange	
  product	
  was	
  filtered	
  and	
  washed	
  

with	
  water.	
  1H	
  NMR	
  (500	
  MHz,	
  d6-­‐DMSO)	
  δ:	
  7.91	
  (2H,	
  s),	
  7.28	
  (2H,	
  dd),	
  7.16	
  (4H,	
  td),	
  6.71	
  

(2H,	
  d),	
  6.52	
  (2H,	
  t).	
  CV	
  (Bu4NBF4):	
  E1/2,	
  V	
  vs	
  Fc/Fc+	
  	
  =	
  -­‐2.11	
  V	
  (Ni2+/+).	
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6.3.8.	
   Ni(salpn).	
   H2salpn	
   (0.446	
   mmol)	
   was	
   dissolved	
   in	
   hot	
   ethanol	
   for	
   30	
   min.	
  	
  

Ni(C2H4O2)2*4H2O	
   (0.467	
   mmol)	
   in	
   water	
   was	
   added	
   dropwise	
   over	
   10	
   min	
   and	
   the	
  

solution	
   was	
   allowed	
   to	
   reflux	
   for	
   5	
   minutes.	
   The	
   pea	
   green	
   product	
   was	
   filtered	
   and	
  

washed	
  with	
  water.	
  	
  

	
  

6.3.9.	
   Ni(salp).	
   H2salp	
   (0.493	
   mmol)	
   was	
   dissolved	
   in	
   hot	
   ethanol	
   for	
   30	
   min.	
  	
  

Ni(C2H4O2)2*4H2O	
   (0.516	
   mmol)	
   in	
   water	
   was	
   added	
   dropwise	
   over	
   10	
   min	
   and	
   the	
  

solution	
  was	
  allowed	
  to	
  reflux	
  for	
  5	
  minutes.	
  The	
  red	
  product	
  was	
  filtered	
  and	
  washed	
  with	
  

water.	
   Recrystallization	
   from	
   vapor	
   diffusion	
   of	
   diethyl	
   ether	
   into	
   a	
   chloroform	
   solution	
  

yielded	
  red	
  needles	
  of	
  Ni(salp).	
  ESI-­‐MS	
  m/z:	
  373.01	
  (M-­‐H+),	
  395.02	
  (M-­‐Na+),	
  746.03	
  (2M-­‐

H+),	
  767.02	
  (2M-­‐Na+).	
  1H	
  NMR	
  (500	
  MHz,	
  d6-­‐DMSO)	
  δ:	
  8.89	
  (2H,	
  s),	
  8.15	
  (2H,	
  dd),	
  7.60	
  (2H,	
  

d),	
  7.31	
  (4H,	
  m),	
  6.89	
  (2H,d),	
  6.67	
  (2H,	
  t).	
  CV	
  (Bu4NBF4):	
  Ec,	
  V	
  vs	
  Fc/Fc+	
  	
  =	
  -­‐1.85	
  V	
  (Ni2+/+).	
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6.4.	
  NiM	
  HETEROBIMETALLICS	
  

	
  

6.4.1.	
  [NiH2L1](BF4)2	
  

	
  

OHO O

[Ni(H2O)6](BF4)2
MeOH, 65°C, 12 h+ +

NH2

NH2

2 2
ON

N O N

N
Ni H

H
(BF4)2
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Modified	
   from	
   a	
   previously	
   reported	
   procedure.73	
   A	
   solution	
   containing	
   o-­‐

phenylenediamine	
  (5.94	
  mmol)	
  and	
  [Ni(H2O)6](BF4)2	
  (2.94	
  mmol)	
  in	
  a	
  minimal	
  amount	
  of	
  

methanol	
  was	
  added	
  to	
  a	
  warm	
  solution	
  of	
  4-­‐tert-­‐butyl-­‐2,6-­‐diformylphenol	
  (5.92	
  mmol)	
  in	
  

100	
  mL	
  of	
  methanol.	
  The	
  solution	
  was	
  brought	
  to	
  reflux	
  for	
  8	
  h,	
  filtered,	
  washed	
  with	
  cold	
  

methanol,	
  and	
  dried	
  under	
  vacuum	
  (yield	
  70%).	
  Crystals	
  suitable	
   for	
  X-­‐ray	
  analysis	
  were	
  

grown	
   from	
  vapor	
  diffusion	
  of	
  diethyl	
  ether	
   into	
  a	
  concentrated	
  DMF	
  solution	
  containing	
  

the	
   compound.	
   ESI-­‐MS	
  m/z:	
   613.12	
   (M+).	
   1H	
  NMR	
   (500	
  MHz,	
   d6-­‐DMSO)	
   δ:	
   13.65	
   (1H,	
   s),	
  

8.74	
  (2H,	
  s),	
  8.30	
  (2H,	
  s),	
  7.71	
  (2H,	
  dd),	
  7.66	
  (2H,	
  broad	
  s),	
  7.62	
  (4H,	
  dd),	
  7.56	
  (2H,	
  dd),	
  7.31	
  

(2H,	
  dd),	
  1.38	
  (18H,	
  s).	
  CV	
  (Bu4NBF4):	
  Ec,	
  V	
  vs	
  Fc+/0	
  	
  =	
  -­‐1.06	
  V	
  (Ni2+/+),	
  -­‐2.05	
  V.	
  	
  

	
  

	
  

6.4.2.	
  [NiZnL1](BF4)2.	
  To	
  a	
  vigorously	
  stirred	
  solution	
  of	
  [NiH2L1](BF4)2	
  in	
  DMF	
  was	
  added	
  

solid	
  KOtBu	
  followed	
  by	
  the	
  addition	
  of	
  solid	
  [Zn(H2O)x](BF4)2.	
  This	
  reaction	
  was	
  allowed	
  

to	
  stir	
  at	
  room	
  temperature	
  for	
  approximately	
  2	
  hours.	
  The	
  red-­‐brown	
  solution	
  was	
  poured	
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into	
   40	
  mL	
  diethyl	
   ether,	
   and	
   the	
   resulting	
   precipitate	
  was	
   filtered,	
  washed	
  with	
   diethyl	
  

ether	
   and	
   dried	
   under	
   vacuum.	
   ESI-­‐MS	
  m/z:	
   713.10	
   (M*2H2O+).	
   1H	
   NMR	
   (500	
   MHz,	
   d6-­‐

DMSO):	
  8.57	
  (2H,	
  s),	
  8.46	
  (2H,	
  s),	
  7.86	
  (2H,	
  dd),	
  7.76	
  (2H,	
  d),	
  7.68	
  (2H,	
  d),	
  7.60	
  (2H,	
  dd),	
  

7.40	
  (2H,	
  dd),	
  7.13	
  (2H,	
  dd),	
  1.43	
  (18H,	
  s).	
  

	
  

	
  

6.4.3.	
  [NiCuL1](BF4)2.	
  To	
  a	
  suspension	
  containing	
  [NiH2L1](BF4)2	
  (0.188	
  mmol)	
  was	
  added	
  

a	
  solution	
  containing	
  [Cu(MeCN)4](BF4)2	
   (0.193	
  mmol)	
   in	
  a	
  minimal	
  volume	
  of	
  methanol.	
  

The	
  reaction	
  was	
  allowed	
  to	
  stir	
  for	
  15	
  h	
  at	
  65°C,	
  and	
  the	
  product	
  was	
  filtered	
  and	
  washed	
  

with	
  cold	
  methanol	
  (Yield	
  81.6%).	
  Alternatively,	
   the	
  method	
  described	
  for	
  [NiZnL1](BF4)2	
  

provides	
   the	
   product	
   in	
   nearly	
   the	
   same	
   yield.	
   Single	
   crystals	
   suitable	
   for	
   X-­‐ray	
   analysis	
  

were	
  grown	
  from	
  vapor	
  diffusion	
  of	
  diethyl	
  ether	
  in	
  a	
  DMF	
  solution	
  containing	
  the	
  product.	
  

ESI-­‐MS	
  m/z:	
  337.55	
  (M2+/2).	
  1H	
  NMR	
  (500	
  MHz,	
  d6-­‐DMSO)	
  δ:	
  21.48,	
  15.20,	
  11.02,	
  9.94.	
  X-­‐

band	
  EPR	
  (DMF/THF	
  1:1,	
  77	
  K):	
  g1	
  =	
  2.1.	
  No	
  EA	
  was	
  collected.	
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6.4.4.	
   [Ni2L1](BF4)2.	
   A	
   suspension	
   of	
   [NiH2L1](BF4)2	
   (0.197	
   mmol)	
   in	
   methanol	
   was	
  

brought	
  to	
  reflux.	
  To	
  this	
  suspension	
  was	
  added	
  a	
  solution	
  of	
  [Ni(H2O)6](BF4)2	
  (1.2	
  eq)	
  in	
  

minimal	
  methanol	
  dropwise.	
  The	
  mixture	
  was	
  allowed	
  to	
  reflux	
  for	
  72	
  h,	
  where	
  the	
  product	
  

was	
   filtered	
  and	
  washed	
  with	
  cold	
  methanol.	
  ESI-­‐MS	
  m/z:	
  335.0	
  (M2+/2),	
  757.1	
  (M-­‐BF4+).	
  	
  

1H	
  NMR	
  (500	
  MHz,	
  d6-­‐DMSO)	
  δ:	
  21.62,	
  15.18,	
  11.00,	
  9.89.	
  No	
  EA	
  was	
  collected.	
  

	
  

	
  

6.4.5.	
   {[NiL1]2-­‐µ-­‐Co}(BF4)2.	
   In	
   an	
   O2	
   free	
   glovebox,	
   [NiH2L1](BF4)2	
   (0.0674	
   mmol)	
   was	
  

dissolved	
   in	
   5	
   mL	
   DMF.	
   Solid	
   KOtBu	
   (0.146	
   mmol)	
   was	
   added	
   with	
   vigorous	
   stirring,	
  

followed	
   by	
   the	
   addition	
   of	
   solid	
   [Co(CH3CN)6](BF4)2	
   (0.0691	
   mmol).	
   The	
   reaction	
   was	
  

stirred	
  at	
  room	
  temperature	
  for	
  2	
  hrs,	
  where	
  the	
  solution	
  was	
  poured	
  into	
  40	
  mL	
  of	
  diethyl	
  

ether	
  and	
  the	
  precipitate	
  was	
  collected	
  and	
  dried	
  under	
  vacuum	
  to	
  yield	
  an	
  orange	
  powder.	
  

1H	
  NMR	
   (500	
  MHz,	
   d6-­‐DMSO)	
   δ:	
   17.80,	
   12.45,	
   9.44,	
   5.93,	
   5.10,	
   4.65.	
   ESI-­‐MS	
  m/z:	
   641.58	
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(M2+/2).	
  EPR	
  (DMF/THF	
  1:1,	
  77	
  K):	
  g1	
  =	
  4.16.	
  Ec,	
  V	
  vs	
  Fc+/0	
  	
  =	
  -­‐1.40	
  V	
  (NiICoII).	
  No	
  EA	
  was	
  

collected.	
  

	
  

	
  

6.4.6.	
   {[NiL1]2-­‐µ-­‐Fe}(BF4)2.	
   Analogous	
   to	
   [NiCoL1](BF4)2.	
   Suitable	
   crystals	
   for	
   X-­‐ray	
  

analysis	
   were	
   grown	
   from	
   vapor	
   diffusion	
   of	
   diethyl	
   ether	
   into	
   a	
   saturated	
   solution	
   of	
  

analyte	
   in	
  CH3CN.	
   1H	
  NMR	
   (500	
  MHz,	
   d6-­‐DMSO)	
  δ:	
   26.52,	
   17.26,	
   16.68,	
   10.72,	
   9.22,	
   8.26.	
  

ESI-­‐MS	
  m/z:	
  640.09	
  (M2+/2).	
  Ec,	
  V	
  vs	
  Fc+/0	
  	
  =	
  -­‐1.45	
  V	
  (NiIFeII).	
  No	
  EA	
  was	
  collected.	
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6.4.7.	
  [NiH2L2](BF4)2	
  

	
  

Analogous	
   to	
   [NiH2L1](BF4)2	
   substituting	
   1,3-­‐diaminopropane	
   for	
   o-­‐phenylenediamine.	
  

After	
  refluxing	
  for	
  12	
  h,	
  the	
  solvent	
  was	
  removed	
  under	
  vacuum.	
  The	
  resulting	
  precipitate	
  

was	
  washed	
  with	
  5	
  mL	
  of	
  diethyl	
  ether	
  (3X)	
  to	
  remove	
  excess	
  diformylphenol	
  and	
  dried	
  to	
  

produce	
  a	
  tan	
  powder.	
  Suitable	
  crystals	
  for	
  X-­‐ray	
  analysis	
  were	
  grown	
  from	
  vapor	
  diffusion	
  

of	
   diethyl	
   ether	
   into	
   a	
   saturated	
   solution	
   in	
   methanol.	
   1H	
   NMR	
   (500	
   MHz,	
   d6-­‐DMSO)	
   δ:	
  

OHO O

[Ni(H2O)6](BF4)2
MeOH, 65°C, 12 h+ +2 NH2H2N (BF4)2

ON

N O N

N
Ni

H
H
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29.28,	
   12.54,	
   11.99,	
   7.81,	
   7.13,	
   4.07.	
   ESI-­‐MS	
  m/z:	
   273.08	
   (M2+/2),	
   545.13	
   (M-­‐H+),	
   633.15	
  

(M-­‐BF4+).	
  Ec,	
  V	
  vs	
  Fc+/0	
  	
  =	
  -­‐1.42	
  V.	
  No	
  EA	
  was	
  collected.	
  

	
  

6.4.8.	
   [NiCoL2](BF4)2.	
  To	
   a	
   solution	
   of	
   [NiH2L2](BF4)2	
   (0.178	
  mmol)	
   in	
   acetonitrile	
   was	
  

added	
   a	
   THF	
   solution	
   (0.359	
   mmol)	
   of	
   KOtBu,	
   followed	
   by	
   the	
   addition	
   of	
  

[Co(CH3CN)6](BF4)2	
  (0.195	
  mmol).	
  After	
  stirring	
  for	
  30	
  min,	
  the	
  solution	
  was	
  concentrated	
  

and	
  precipitated	
  from	
  diethyl	
  ether.	
  Crystals	
  suitable	
   for	
  X-­‐ray	
  analysis	
  were	
  grown	
  from	
  

ether	
   diffusion	
   into	
   a	
   saturated	
   solution	
   of	
   sample	
   in	
   acetonitrile.	
   Crystals	
   were	
  

isomorphous	
   with	
   [NiFeL2](BF4)2.	
   	
   ESI-­‐MS	
  m/z:	
   302.03	
   (M2+/2),	
   322.54	
   (M2+*CH3CN/2),	
  

343.06	
  (M2+*2CH3CN/2),	
  691.06	
  (M-­‐BF4+),	
  717.02	
  (M*2CH3CN*CH3OH+).	
  Ec,	
  V	
  vs	
  Fc+/0	
   	
  =	
  -­‐

1.44	
  V	
  (NiICoII),	
  -­‐1.62	
  V	
  (NiICoI).	
  No	
  EA	
  was	
  collected.	
  

	
  

6.4.9.	
   [NiZnL2](BF4)2.	
   To	
   a	
   solution	
   of	
   [NiH2L2](BF4)2	
   (0.121	
   mmol)	
   in	
   acetonitrile	
   was	
  

added	
  a	
  THF	
  solution	
  (0.265	
  mmol)	
  of	
  KOtBu,	
  followed	
  by	
  the	
  addition	
  of	
  [Zn(H2O)x](BF4)2	
  

(0.280	
  mmol).	
  After	
   stirring	
   for	
  30	
  min,	
   the	
  product	
  was	
  precipitated	
  with	
  diethyl	
   ether,	
  

filtered,	
   and	
   washed	
   with	
   ether.	
   ESI-­‐MS	
  m/z:	
   689.05	
   (M-­‐BF4+).	
   Ec,	
   V	
   vs	
   Fc+/0	
   	
   =	
   -­‐1.42	
   V	
  

(NiIZnII).	
  No	
  EA	
  was	
  collected.	
  

	
  

6.4.10.	
   [NiCuL2](BF4)2.	
  Analogous	
  to	
  [NiCoL2](BF4)2.	
  Precipitated	
  with	
  diethyl	
  ether.	
  ESI-­‐

MS	
   m/z:	
   303.53	
   (M2+/2),	
   344.56	
   (M*2CH3CN/2),	
   694.12	
   (M-­‐BF4+),	
   720.03	
  

(M*2CH3CN*CH3OH+).	
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6.4.11.	
  [NiFeL2](BF4)2.	
  Analogous	
  to	
  [NiCoL2](BF4)2.	
  ESI-­‐MS	
  m/z:	
  301.04	
  (M2+/2),	
  320.06	
  

(M2+*CH3CN/2),	
  340.57	
  (M*2CH3CN/2),	
  686.09	
  (M-­‐BF4+),	
  714.05	
  (M*2CH3CN*CH3OH+).	
  Ec,	
  

V	
  vs	
  Fc+/0	
  	
  =	
  -­‐1.42	
  V	
  (NiIFeII).	
  Structure	
  represented	
  as	
  2	
  Ni	
  ions,	
  since	
  symmetry	
  prevented	
  

the	
  identification	
  of	
  the	
  metal	
  ions.	
  No	
  EA	
  was	
  collected.	
  

	
  

	
  

6.4.12.	
  [NiH2L3](BF4)2	
  

	
  

OHO O

[Ni(H2O)6](BF4)2
MeOH, 65°C, 12 h+ +2 H2N NH2

ON

N O N

N
Ni (BF4)2

H
H
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A	
  solution	
  containing	
  ethylenediamine	
  (1.50	
  mmol)	
  and	
  [Ni(H2O)6](BF4)2	
  (0.696	
  mmol)	
  in	
  

a	
   minimal	
   amount	
   of	
   ethanol	
   was	
   added	
   to	
   a	
   warm	
   solution	
   of	
   4-­‐tert-­‐butyl-­‐2,6-­‐

diformylphenol	
  (1.37	
  mmol)	
  in	
  50	
  mL	
  of	
  ethanol.	
  The	
  solution	
  was	
  brought	
  to	
  reflux	
  for	
  12	
  

h,	
   filtered,	
  washed	
  with	
   cold	
  methanol,	
   and	
   dried	
   under	
   vacuum	
   (yield	
   76.2%).	
   Crystals	
  

suitable	
   for	
   X-­‐ray	
   analysis	
   were	
   grown	
   from	
   vapor	
   diffusion	
   of	
   diethyl	
   ether	
   into	
   a	
  

concentrated	
  DMF	
  solution	
  containing	
  the	
  compound.	
  50%	
  Ni	
  disorder	
  in	
  both	
  pocket	
  sites.	
  

ESI-­‐MS	
  m/z:	
  519.18	
  (M+),	
  259.09	
  (M2+/2).	
  1H	
  NMR	
  (500	
  MHz,	
  d6-­‐DMSO)	
  δ:	
  13.1	
  (1H,	
  s),	
  8.71	
  

(2H,	
  s),	
  8.15	
  (2H,	
  s),	
  7.75	
  (2H,	
  s),	
  3.93	
  (4H,	
  s),	
  3.64	
  (4H,	
  s),	
  1.29	
  (18H,	
  s).	
  CV	
  (Bu4NPF6):	
  Ec,	
  V	
  

vs	
  Fc+/0	
  	
  =	
  -­‐1.41	
  V,	
  -­‐1.65	
  V.	
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6.4.13.	
   [NiZnL3](BF4)2.	
   To	
   a	
   solution	
   of	
   CH3CN	
   and	
   DMF	
   (5	
   mL,	
   1	
   mL	
   respectively)	
  

containing	
  [NiH2L3](BF4)2	
  (0.279	
  mmol)	
  was	
  added	
  LiOtBu	
  in	
  THF	
  (.611	
  mmol),	
  followed	
  by	
  

a	
  solution	
  containing	
   [Zn(H2O)x](BF4)2	
   (0.472	
  mmol)	
   in	
  a	
  minimal	
  volume	
  of	
  acetonitrile.	
  

The	
  reaction	
  was	
  allowed	
  to	
  stir	
  for	
  2	
  h	
  at	
  room	
  temperature,	
  and	
  the	
  product	
  precipitated	
  

with	
   diethyl	
   ether.	
   Single	
   crystals	
   suitable	
   for	
   X-­‐ray	
   analysis	
   were	
   grown	
   from	
   vapor	
  

diffusion	
   of	
   diethyl	
   ether	
   in	
   an	
   acetonitrile	
   solution	
   containing	
   the	
   product.	
   ESI-­‐MS	
  m/z:	
  

332.08	
   (M2+*2CH3CN/2),	
   599.14	
   (M*H2O+),	
   617.10	
   (M*2H2O+),	
   667.14	
   (M-­‐BF4+),	
   693.08	
  

(M*2CH3CN*1CH3OH+).	
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6.4.14.	
   [NiCuL3](BF4)2.	
   To	
   a	
   solution	
   of	
   CH3CN	
   and	
   DMF	
   (5	
   mL,	
   1	
   mL	
   respectively)	
  

containing	
  [NiH2L3](BF4)2	
  (0.193	
  mmol)	
  was	
  added	
  LiOtBu	
  in	
  THF	
  (.405	
  mmol),	
  followed	
  by	
  

a	
   solution	
   containing	
   [Cu(MeCN)4](BF4)2	
   (0.1928	
   mmol)	
   in	
   a	
   minimal	
   volume	
   of	
  

acetonitrile.	
  The	
  reaction	
  was	
  allowed	
  to	
  stir	
  for	
  2	
  h	
  at	
  room	
  temperature,	
  and	
  the	
  product	
  

was	
  precipitated	
  with	
  diethyl	
  ether.	
  Single	
  crystals	
  suitable	
  for	
  X-­‐ray	
  analysis	
  were	
  grown	
  

from	
  vapor	
  diffusion	
  of	
  diethyl	
  ether	
  in	
  an	
  acetonitrile	
  solution	
  containing	
  the	
  product.	
  ESI-­‐

MS	
   m/z:	
   289.54	
   (M2+/2),	
   616.09	
   (M*2H2O+),	
   666.12	
   (M-­‐BF4+),	
   692.08	
  

(M*2CH3CN*1CH3OH+).	
   EPR	
   (DMF/THF	
   1:1,	
   77	
   K):	
   g1	
   =	
   2.17	
   Anal.	
   Calc.	
   (Found)	
   (%):	
   C	
  

44.58	
  (44.12),	
  H	
  4.54	
  (4.83),	
  N	
  7.43	
  (7.37).	
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6.4.15.	
   [Ni2L3](BF4)2.	
   Analogous	
   to	
   [NiCuL3](BF4)2.	
   Suitable	
   crystals	
   were	
   grown	
   from	
  

diffusion	
   of	
   diethyl	
   ether	
   into	
   a	
   saturated	
   solution	
   in	
   acetonitrile.	
   ESI-­‐MS	
  m/z:	
   287.03	
  

(M2+/2),	
  611.10	
  (M*2H2O+),	
  661.13	
  (M-­‐BF4+),	
  689.11	
  (M*2CH3CN*1CH3OH+).	
  	
  1H	
  NMR	
  (500	
  

MHz,	
  d6-­‐DMSO)	
  δ:	
  8.16,	
  7.77.	
  Anal.	
  Calc.	
  (Found)	
  (%):	
  C	
  44.86	
  (45.23),	
  H	
  4.57	
  (4.58),	
  N	
  7.47	
  

(7.15).	
  CV	
  (Bu4NPF6):	
  Ec,	
  V	
  vs	
  Fc+/0	
  	
  =	
  -­‐1.41	
  V,	
  -­‐1.65	
  V.	
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  6.4.16.	
   [NiCoL3](BF4)2.	
  Analogous	
   to	
   [NiCuL3](BF4)2.	
   Suitable	
   crystals	
  were	
   grown	
   from	
  

diffusion	
  of	
  diethyl	
  ether	
  into	
  a	
  saturated	
  solution	
  in	
  acetonitrile.	
  Single	
  crystals	
  for	
  X-­‐ray	
  

analysis	
  were	
  grown	
  from	
  diffusion	
  of	
  diethyl	
  ether	
  into	
  a	
  saturated	
  solution	
  in	
  acetonitrile.	
  

1H	
  NMR	
   (500	
  MHz,	
   d6-­‐DMSO)	
   δ:	
   17.78,	
   14.01,	
   9.99,	
   8.67,	
   6.70,	
   5.42.	
   ESI-­‐MS	
  m/z:	
   287.56	
  

(M2+/2),	
   610.09	
   (M-­‐*2H2O+),	
   688.09	
   (M*2CH3CN*1CH3OH+).	
   Anal.	
   Calc.	
   (Found)	
   (%):	
   C	
  

45.25	
  (44.99),	
  H	
  5.02	
  (5.08),	
  N	
  8.51	
  (8.36).	
  EPR	
  (DMF/THF	
  1:1,	
  77	
  K):	
  g1	
  =	
  3.88.	
  E1/2,	
  V	
  vs	
  

Fc+/0	
   	
   =	
   -­‐1.24	
   V	
   (NiICoII),	
   Ec	
   V	
   vs	
   Fc+/0	
   	
   =	
   -­‐1.65	
   V	
   (NiICoI).	
   X-­‐ray	
   data	
   resolved	
   to	
   two	
  

structures,	
  with	
  only	
  one	
  shown	
  in	
  Figure	
  2.7.	
  The	
  second	
  structure	
  (not	
  shown)	
  revealed	
  

partial	
  nickel	
  and	
  cobalt	
  in	
  each	
  coordination	
  site,	
  with	
  a	
  single	
  (partial)	
  DMF	
  coordinated	
  

to	
  the	
  cobalt	
  atom.	
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6.4.17.	
   {[NiL3]2-­‐µ-­‐Fe}(BF4)2.	
  Analogous	
   to	
   [NiCuL3](BF4)2.	
   Suitable	
   crystals	
  were	
   grown	
  

from	
  diffusion	
  of	
  diethyl	
  ether	
  into	
  a	
  saturated	
  solution	
  in	
  acetonitrile.	
  Single	
  crystals	
  for	
  X-­‐

ray	
   analysis	
   were	
   grown	
   from	
   diffusion	
   of	
   diethyl	
   ether	
   into	
   a	
   saturated	
   solution	
   in	
  

50004000300020001000
B / G
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acetonitrile.	
  Isomorphous	
  crystals	
  with	
  {[NiL3]2-­‐µ-­‐Mn}(BF4)2	
  indicate	
  dimerization.	
  ESI-­‐MS	
  

m/z:	
  543.65	
  (M22+/2),	
  684.12	
  (M*2CH3CN*1CH3OH+).	
  No	
  EA	
  was	
  collected.	
  

	
  

6.4.18.	
  {[NiL3]2-­‐µ-­‐Mn}(BF4)2..	
  Analogous	
  to	
  [NiCuL3](BF4)2.	
  Suitable	
  crystals	
  were	
  grown	
  

from	
  diffusion	
  of	
  diethyl	
  ether	
  into	
  a	
  saturated	
  solution	
  in	
  acetonitrile.	
  	
  EPR	
  (DMF/THF	
  1:1,	
  

77	
   K):	
   g1	
   =	
   8.53,	
   g2	
   =	
   4.78,	
   g3	
   =	
   2.84.	
   ESI-­‐MS	
   m/z:	
   543.67	
   (M22+/2),	
   684.11	
  

(M*2CH3CN*1CH3OH+).	
  No	
  EA	
  was	
  collected.	
  

	
  

6.5.	
  STEP-­‐WISE	
  HETEROBIMETALLICS	
  

6.5.1.	
  Fsal-­‐2	
  /	
  L4’	
  

	
  

4-­‐tert-­‐butyl-­‐2,6-­‐diformylphenol	
   (1.03	
   mmol)	
   was	
   dissolved	
   in	
   ethanol.	
   Ethylenediamine	
  

(0.666	
  mmol)	
  was	
  added	
  and	
  the	
  yellow	
  solution	
  was	
  stirred	
  for	
  5	
  min.	
  The	
  solution	
  was	
  

concentrated	
   under	
   vacuum	
   and	
   the	
   precipitate	
   was	
   filtered,	
   dried	
   and	
   washed	
   with	
  

ethanol.	
  For	
  a	
  second	
  crop,	
  the	
  remaining	
  filtrate	
  is	
  evaporated	
  to	
  dryness,	
  where	
  the	
  solid	
  

OHO O

NH2

NH2

298 K, ethanol2
OHN

N OH O

O
+
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is	
   collected	
  and	
  washed	
  with	
  ethanol	
   to	
  afford	
  clean	
  product.	
   1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  

10.51	
  (2H,	
  s),	
  8.45	
  (2H,	
  d),	
  7.90	
  (2H,	
  d),	
  7.49	
  (2H,	
  d),	
  4.00	
  (4H,	
  m),	
  1.28	
  (18H,	
  s).	
  

	
  

	
  

6.5.2.	
  Fsal-­‐2-­‐Zn	
  /	
  ZnL4’	
  

To	
   a	
   warm	
   ethanolic	
   solution	
   of	
   Fsal-­‐2	
   (0.145	
   mmol)	
   was	
   added	
   solid	
   Zn(OAc)2*2H2O	
  

(0.148	
   mmol).	
   The	
   reaction	
   was	
   allowed	
   to	
   stir	
   an	
   additional	
   5	
   minutes.	
   The	
   resulting	
  

precipitate	
   was	
   then	
   filtered	
   and	
  washed	
  with	
   ethanol	
   to	
   yield	
   yellow	
  microcrystals.	
   1H	
  

NMR	
  (500	
  MHz,	
  CDCl3):	
  10.39	
  (2H,	
  s),	
  8.28	
  (2H,	
  s),	
  7.58	
  (2H,	
  s),	
  7.16	
  (2H,	
  s),	
  1.58	
  (4H,	
  s),	
  

1.16	
  (18H,	
  s).	
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6.5.3.	
  Fsal-­‐2-­‐Ni	
  /	
  NiL4’	
  

Analogous	
  to	
  Fsal-­‐2-­‐Zn	
  to	
  yield	
  orange	
  microcrystals.	
  1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  10.53	
  (2H,	
  

s),	
  7.93	
  (2H,	
  s),	
  7.58	
  (2H,	
  s),	
  7.34	
  (2H,	
  s),	
  1.54	
  (4H,	
  s),	
  1.27	
  (18H,	
  s).	
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6.5.4.	
  NiL4	
  

	
  

Fsal-­‐2-­‐Ni	
   (0.225	
   mmol)	
   was	
   dissolved	
   in	
   5	
   mL	
   chloroform.	
   1,3-­‐diaminopropane	
   (0.425	
  

mmol)	
  was	
  added	
  dropwise	
  with	
   stirring.	
  The	
   solution	
  was	
   stirred	
   for	
  10	
  min	
  and	
  dried	
  

ON

N O O

O
Ni

1,3-diaminopropane ON

N O N

N
NiCH2Cl2
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under	
  vacuum.	
  1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  8.91	
  (2H,	
  s),	
  8.08	
  (2H,	
  s),	
  7.53	
  (2H,	
  s),	
  7.13	
  (2H,	
  

s),	
  1.26	
  (18H,	
  s).	
  ESI-­‐MS	
  m/z:	
  531.16	
  (M-­‐H+).	
  

	
  

	
  

6.5.5.	
  Fsal-­‐3	
  

	
  

OHO O

NH2

NH2

298 K, ethanol2
OHN

N OH O

O

Fsal-3

+
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4-­‐tert-­‐butyl-­‐2,6-­‐diformylphenol	
  (1.84	
  mmol)	
  was	
  dissolved	
  in	
  ethanol.	
  1,3-­‐diaminopropane	
  

(0.920	
  mmol)	
  was	
  added	
  and	
   the	
  yellow	
  solution	
  was	
   stirred	
   for	
  5	
  min	
  and	
   left	
   to	
   stand	
  

overnight.	
   The	
   resulting	
   precipitate	
   was	
   filtered	
   and	
   dried	
   under	
   vacuum.	
   For	
   a	
   second	
  

crop,	
   the	
   remaining	
   filtrate	
   is	
   evaporated	
   to	
   dryness,	
   where	
   the	
   solid	
   is	
   collected	
   and	
  

washed	
  with	
  ethanol	
  to	
  afford	
  clean	
  product	
  (Yield	
  =	
  84.3%).	
  1H	
  NMR	
  (500	
  MHz,	
  d6-­‐DMSO):	
  

14.80	
  (2H,	
  s),	
  10.36	
  (2H,	
  s),	
  8.71	
  (2H,	
  s),	
  7.75	
  (4H,	
  dd),	
  3.75	
  (4H,	
  t),	
  2.11	
  (2H,	
  quin.),	
  1.24	
  

(18H,	
  s).	
  

	
  

	
  

6.5.6.	
   Fsal-­‐3-­‐Zn.	
  To	
   a	
  warm	
   ethanolic	
   solution	
   of	
   Fsal-­‐3	
   (0.107	
  mmol)	
  was	
   added	
   solid	
  

Zn(OAc)2*2H2O	
  (0.140	
  mmol).	
  The	
  reaction	
  was	
  allowed	
  to	
  stir	
  an	
  additional	
  5	
  minutes	
  and	
  

left	
   to	
  stand	
  overnight,	
  whereby	
  crystals	
   that	
  precipitated	
  were	
   filtered	
  and	
  washed	
  with	
  

ethanol.	
  1H	
  NMR	
  (500	
  MHz,	
  d6-­‐DMSO):	
  10.47	
  (2H,	
  s),	
  8.37	
  (2H,	
  s),	
  7.58	
  (4H,	
  dd),	
  3.82	
  (4H,	
  

t),	
  1.98	
  (2H,	
  quin.),	
  1.18	
  (18H,	
  s).	
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6.5.7.	
  Fsal-­‐3-­‐Cu.	
  Analogous	
   to	
  Fsal-­‐3-­‐Zn.	
  Olive	
  green	
  crystals	
  began	
  to	
   form	
   immediately	
  

upon	
  the	
  addition	
  of	
  Cu(OAc)2*H2O.	
  ESI-­‐MS	
  m/z:	
  534.20	
  (M-­‐Na+).	
  Anal.	
  Calc.	
  (Found)	
  (%):	
  C	
  

63.33	
  (63.36),	
  H	
  6.30	
  (6.27),	
  N	
  5.47	
  (5.46).	
  X-­‐band	
  EPR	
  (DMF/THF	
  1:1,	
  77	
  K):	
  g1	
  =	
  2.05;	
  A1	
  

=	
  1.85	
  x	
  10-­‐6	
  cm-­‐1	
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6.5.8.	
  CuL2	
  

	
  

A	
   solution	
   containing	
   Fsal-­‐3-­‐Cu	
   in	
  DMF	
   is	
   heated	
   to	
   70°C.	
   To	
   this	
   solution	
   is	
   added	
   1,3-­‐

diaminopropane	
   and	
   the	
   solution	
   is	
   stirred	
   for	
   10	
   min.	
   The	
   solution	
   is	
   allowed	
   to	
   sit	
  

overnight,	
   where	
   dark	
   olive	
   green	
   crystals	
   had	
   formed.	
   These	
   crystals	
   were	
   filtered,	
  

washed	
   with	
   water	
   and	
   dried	
   under	
   vacuum.	
   ESI-­‐MS	
  m/z:	
   550.16	
   (M-­‐H+);	
   X-­‐band	
   EPR	
  

(DMF/THF	
  1:1,	
  77	
  K):	
  g1	
  =	
  2.04;	
  A1	
  =	
  1.78	
  x	
  10-­‐6	
  cm-­‐1.	
  No	
  EA	
  was	
  collected.	
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6.5.10.	
   [Ni2L2](BF4)2.	
   To	
   a	
   solution	
   Fsal-­‐3-­‐Ni	
   (0.0830	
   mmol)	
   in	
   CH3CN	
   was	
   added	
  

[Ni(H2O)6](BF4)2	
  (0.0876	
  mmol)	
   in	
  CH3CN,	
   in	
  which	
  the	
  solution	
  becomes	
  a	
  burnt	
  orange	
  

color.	
  After	
  stirring	
  at	
  room	
  temperature	
   for	
  10	
  min,	
  1,3-­‐diaminopropane	
  (0.0830	
  mmol)	
  

was	
  added	
  dropwise	
  and	
  the	
  solution	
  was	
  left	
  to	
  stir	
  for	
  0.5	
  hr.	
  The	
  solvent	
  was	
  removed	
  en	
  

vacuo	
   to	
   produce	
   a	
   golden	
   brown	
   powder.	
   ESI-­‐MS	
   m/z:	
   301.03	
   (M2+/2),	
   321.49	
  

(M*CH3CN2+/2),	
  716.12	
  (M*2CH3CN*CH3OH+).	
  CV	
  (Bu4NBF4):	
  E1/2	
  or	
  Ec,	
  if	
  irreversible,	
  V	
  vs	
  

Fc+/0	
  	
  =	
  1.24	
  (NiIIINiIII)	
  1.04	
  (NiIIINiII)	
  -­‐1.44	
  V	
  (NiINiII),	
  -­‐1.75	
  V	
  (NiINiI).	
  No	
  EA	
  was	
  collected.	
  

	
  

6.5.11.	
  [Co2L2](BF4)2.	
  Analogous	
  to	
  [Ni2L2](BF4)2	
  via	
  the	
  method	
  described	
  above.	
  ESI	
  m/z:	
  

302.02	
  (M2+/2),	
  322.59	
  (M*CH3CN2+/2),	
  677.19	
  (M*CH3CN*CH3OH+).	
  Ec,	
  V	
  vs	
  Fc+/0	
  	
  =	
  -­‐1.55	
  

V	
  (CoICoII),	
  -­‐1.89	
  V	
  (CoICoI).	
  No	
  EA	
  was	
  collected.	
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Figure	
   A1.	
   Ortep	
   diagram	
   of	
   [Ni-­‐µ-­‐OAc-­‐NiL1]2(BF4)2.	
   Ellipsoids	
   are	
   shown	
   at	
   50%	
  
probability.	
  BF4	
  counter	
  ions	
  have	
  been	
  omitted	
  for	
  clarity.	
  	
  
	
  

 

Figure	
  A2.	
  ESI-­‐MS	
  of	
  {[NiL1]2-­‐µ-­‐Fe}(BF4)2.	
  m/z	
  of	
  640	
  corresponds	
  to	
  the	
  dimer.	
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Table	
  A1.	
  Absorbance	
  data	
  for	
  {[NiL1]2-­‐µ-­‐Fe}n+	
  (n	
  =	
  0-­‐2)	
  complexes	
  

	
  
λ	
  /	
  nm	
  (ε	
  /	
  M-­‐1cm-­‐1)	
  

{[NiL1]2-­‐µ -­‐Fe}2+	
   365	
  (1.2x104),	
  467	
  (6.6x103)	
  
{[NiL1]2-­‐µ -­‐Fe}+	
   412	
  (1.1x104),	
  515	
  (5.6x103),	
  697	
  (2.2x103)	
  
{[NiL1]2-­‐µ -­‐Fe}0	
   414	
  (8.2x103),	
  516	
  (4.4x103),	
  622	
  (2.7x103)	
  

	
  

 

Figure	
   A3.	
   Cyclic	
   voltammograms	
   of	
   {[NiL1]2-­‐µ-­‐Fe}(BF4)2	
   (purple)	
   and	
   {[NiL1]2-­‐µ-­‐
Co}(BF4)2	
  (green).	
  0.2	
  M	
  Bu4NBF4	
  in	
  DMF,	
  100	
  mV/s.	
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Figure	
  A4.	
  Scan	
  rate	
  dependent	
  cyclic	
  voltammogram	
  of	
  {[NiL1]2-­‐µ-­‐Fe}(BF4)2.	
  0.2	
  M	
  Bu4BF4	
  
in	
  DMF,	
  Scan	
  rate	
  ranges	
  from	
  5	
  mV/s	
  (Black)	
  to	
  500	
  mV/s	
  (pink).	
  

8

6

4

2

0

-2

-4

Cu
rr

en
t 

/ 
µA

-2.0 -1.5 -1.0 -0.5 0.0

Potential / V vs. Fc
+/0

Scan rate dependence under N2



92	
  
	
  

 

Figure	
  A5.	
   Cyclic	
   voltammograms	
   of	
   {[NiL1]2-­‐µ-­‐Fe](BF4)2	
   varying	
   by	
   scan	
   rate	
   under	
  N2	
  
(solid	
   line),	
   CO2,	
   (dotted	
   line),	
   and	
   the	
   addition	
   of	
   1	
   eq.	
   [NH4][BF4]	
   under	
   CO2	
   (dotted-­‐
dashed	
  line).	
  0.2	
  M	
  Bu4NBF4	
  in	
  DMF.	
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Figure	
   A6.	
   Scan	
   rate	
   dependent	
   cyclic	
   voltammogram	
   of	
   {[NiL1]2-­‐µ-­‐Co}(BF4)2.	
   0.2	
   M	
  
Bu4BF4	
  in	
  DMF,	
  Scan	
  rate	
  ranges	
  from	
  5	
  mV/s	
  (Black)	
  to	
  500	
  mV/s	
  (pink).	
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Figure	
  A7.	
   Cyclic	
   voltammograms	
   of	
   {[NiL1]2-­‐µ-­‐Co](BF4)2	
   varying	
   by	
   scan	
   rate	
   under	
  N2	
  
(solid	
   line),	
   CO2,	
   (dotted	
   line),	
   and	
   the	
   addition	
   of	
   1	
   eq.	
   [NH4][BF4]	
   under	
   CO2	
   (dotted-­‐
dashed	
  line).	
  0.2	
  M	
  Bu4NBF4	
  in	
  DMF.	
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Figure	
  A8.	
  Cyclic	
  voltammograms	
  of	
   [NiZnL1](BF4)2	
  varying	
  by	
  scan	
  rate	
  under	
  N2	
   (solid	
  
line),	
   CO2,	
   (dotted	
   line),	
   and	
   the	
   addition	
   of	
   1	
   eq.	
   [NH4][BF4]	
   under	
   CO2	
   (dotted-­‐dashed	
  
line).	
  0.2	
  M	
  Bu4NBF4	
  in	
  DMF.	
  

	
  

-4

-2

0

2

4

Cu
rr

en
t 

/ 
µA

-2.0 -1.5 -1.0 -0.5 0.0

Potential / V vs. Fc
+/0

100 mV/s

-8

-6

-4

-2

0

2

4

6

Cu
rr

en
t 

/ 
µA

-2.0 -1.5 -1.0 -0.5 0.0

Potential / V vs. Fc
+/0

500 mV/s

-4

-2

0

2

4

Cu
rr

en
t 

/ 
µA

-2.0 -1.5 -1.0 -0.5 0.0

Potential / V vs. Fc
+/0

200 mV/s

-3

-2

-1

0

1

2

Cu
rr

en
t 

/ 
µA

-2.0 -1.5 -1.0 -0.5 0.0

Potential / V vs. Fc
+/0

50 mV/s

-2

-1

0

1

2

Cu
rr

en
t 

/ 
µA

-2.0 -1.5 -1.0 -0.5 0.0

Potential / V vs. Fc
+/0

25 mV/s

-2

-1

0

1

Cu
rr

en
t 

/ 
µA

-2.0 -1.5 -1.0 -0.5 0.0

Potential / V vs. Fc
+/0

12.5 mV/s



96	
  
	
  

	
  

Figure	
  A9.	
   Scan	
  rate	
  dependent	
  cyclic	
  voltammogram	
  of	
   [NiH2L1](BF4)2.	
  0.2	
  M	
  Bu4BF4	
   in	
  
DMF,	
  Scan	
  rate	
  ranges	
  from	
  5	
  mV/s	
  (red)	
  to	
  200	
  mV/s	
  (pink).	
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Figure	
  A10.	
  Cyclic	
  voltammograms	
  of	
  [NiH2L1](BF4)2	
  varying	
  by	
  scan	
  rate	
  under	
  N2	
  (solid	
  
line)	
  and	
  CO2,	
  (dashed	
  line).	
  0.2	
  M	
  Bu4NBF4	
  in	
  DMF.	
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Figure	
  A11.	
  Cyclic	
  voltammograms	
  of	
  [NiH2L2](BF4)2	
  under	
  N2	
  (black	
  line),	
  CO2,	
  (blue	
  line),	
  
and	
  the	
  addition	
  of	
  1	
  eq.	
  [NH4][BF4]	
  under	
  CO2	
  (red	
  line).	
  0.2	
  M	
  Bu4NBF4	
  in	
  DMF,	
  25	
  mV/s	
  
scan	
  rate.	
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Figure	
  A12.	
  Cyclic	
  voltammograms	
  of	
  [NiZnL2](BF4)2	
  under	
  N2	
  (black	
  line),	
  CO2,	
  (blue	
  line),	
  
and	
  the	
  addition	
  of	
  1	
  eq.	
  [NH4][BF4]	
  under	
  CO2	
  (red	
  line).	
  0.2	
  M	
  Bu4NBF4	
  in	
  DMF,	
  25	
  mV/s	
  
scan	
  rate.	
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Figure	
  A13.	
  Cyclic	
  voltammograms	
  of	
  [Ni2L2](BF4)2	
  under	
  N2	
  (black	
  line),	
  CO2,	
  (blue	
  line),	
  
and	
  the	
  addition	
  of	
  1	
  eq.	
  [NH4][BF4]	
  under	
  CO2	
  (red	
  line).	
  0.2	
  M	
  Bu4NBF4	
  in	
  DMF,	
  25	
  mV/s	
  
scan	
  rate.	
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Figure	
  A14.	
  Cyclic	
  voltammograms	
  of	
  [NiFeL2](BF4)2	
  under	
  N2	
  (black	
  line),	
  the	
  addition	
  of	
  
1	
  eq.	
  H+	
   (red	
   lines),	
  and	
   the	
  addition	
  of	
  CO2	
   (blue	
   line).	
  0.2	
  M	
  Bu4NBF4	
   in	
  DMF,	
  25	
  mV/s	
  
scan	
  rate.	
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APPENDIX	
  B	
  

[NiH2L3](BF4)2	
  

Table	
  1.	
  	
  Crystal	
  data	
  and	
  structure	
  refinement	
  for	
  jyy37.	
  
Identification	
  code	
  	
   jyy37	
  
Empirical	
  formula	
  	
   C31	
  H43	
  B2	
  F8	
  N5	
  Ni	
  O3	
  
Formula	
  weight	
  	
   766.03	
  
Temperature	
  	
   88(2)	
  K	
  
Wavelength	
  	
   0.71073	
  Å	
  
Crystal	
  system	
  	
   Monoclinic	
  
Space	
  group	
  	
   C2/c	
  
Unit	
  cell	
  dimensions a	
  =	
  20.4789(7) Å α= 90°. 
 b	
  =	
  16.2596(6) Å β= 105.3032(4)°. 
 c	
  =	
  10.6419(4) Å γ = 90°. 
Volume	
   3417.9(2)	
  Å3	
  
Z	
   4	
  
Density	
  (calculated)	
   1.489	
  Mg/m3	
  
Absorption	
  coefficient	
   0.652	
  mm-­‐1	
  
F(000)	
   1592	
  
Crystal	
  color	
   orange	
  
Crystal	
  size	
   0.45	
  x	
  0.31	
  x	
  0.27	
  mm3	
  
Theta	
  range	
  for	
  data	
  collection	
   1.62	
  to	
  29.15°	
  
Index	
  ranges	
   -­‐27	
  <=	
  h	
  <=	
  26,	
  -­‐21	
  <=	
  k	
  <=	
  22,	
  -­‐14	
  <=	
  l	
  <=	
  14	
  
Reflections	
  collected	
   21054	
  
Independent	
  reflections	
   4386	
  [R(int)	
  =	
  0.0202]	
  
Completeness	
  to	
  theta	
  =	
  25.50°	
   100.0	
  %	
  	
  
Absorption	
  correction	
   None	
  
Max.	
  and	
  min.	
  transmission	
   0.8461	
  and	
  0.7596	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data	
  /	
  restraints	
  /	
  parameters	
   4386	
  /	
  0	
  /	
  249	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   1.167	
  
Final	
  R	
  indices	
  [I>2sigma(I)	
  =	
  4207	
  data]	
  R1	
  =	
  0.0703,	
  wR2	
  =	
  0.1693	
  
R	
  indices	
  (all	
  data,	
  ?	
  Å)	
   R1	
  =	
  0.0725,	
  wR2	
  =	
  0.1704	
  
Largest	
  diff.	
  peak	
  and	
  hole	
   0.574	
  and	
  -­‐0.483	
  e.Å-­‐3	
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[NiCuL3](BF4)2.	
  

	
  	
  Table	
  5.	
  	
  Crystal	
  data	
  and	
  structure	
  refinement	
  for	
  jyy38.	
  
Identification	
  code	
  	
   jyy38	
  
Empirical	
  formula	
  	
   C31	
  H41	
  B2	
  Cu	
  F8	
  N5	
  Ni	
  O3	
  
Formula	
  weight	
  	
   827.56	
  
Temperature	
  	
   133(2)	
  K	
  
Wavelength	
  	
   0.71073	
  Å	
  
Crystal	
  system	
  	
   Monoclinic	
  
Space	
  group	
  	
   P2(1)/c	
  
Unit	
  cell	
  dimensions a	
  =	
  11.7841(6)	
  Å α= 90°. 
 b	
  =	
  15.2267(8)	
  Å β= 90.6542(7)°. 
 c	
  =	
  19.3190(10)	
  Å γ = 90°. 
Volume	
   3466.2(3)	
  Å3	
  
Z	
   4	
  
Density	
  (calculated)	
   1.586	
  Mg/m3	
  
Absorption	
  coefficient	
   1.241	
  mm-­‐1	
  
F(000)	
   1700	
  
Crystal	
  color	
   red	
  
Crystal	
  size	
   0.57	
  x	
  0.34	
  x	
  0.26	
  mm3	
  
Theta	
  range	
  for	
  data	
  collection	
   1.70	
  to	
  28.76°	
  
Index	
  ranges	
   -­‐15	
  <=	
  h	
  <=	
  15,	
  -­‐19	
  <=	
  k	
  <=	
  19,	
  -­‐25	
  <=	
  l	
  <=	
  25	
  
Reflections	
  collected	
   40763	
  
Independent	
  reflections	
   8469	
  [R(int)	
  =	
  0.0209]	
  
Completeness	
  to	
  theta	
  =	
  25.50°	
   100.0	
  %	
  	
  
Absorption	
  correction	
   None	
  
Max.	
  and	
  min.	
  transmission	
   0.7402	
  and	
  0.5397	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data	
  /	
  restraints	
  /	
  parameters	
   8469	
  /	
  0	
  /	
  511	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   1.110	
  
Final	
  R	
  indices	
  [I>2sigma(I)	
  =	
  7745	
  data]	
  R1	
  =	
  0.0404,	
  wR2	
  =	
  0.0946	
  
R	
  indices	
  (all	
  data,	
  ?	
  Å)	
   R1	
  =	
  0.0447,	
  wR2	
  =	
  0.0964	
  
Largest	
  diff.	
  peak	
  and	
  hole	
   1.249	
  and	
  -­‐0.879	
  e.Å-­‐3	
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[Ni2L3](BF4)2.	
  
	
  
	
  	
  Table	
  8.	
  	
  Crystal	
  data	
  and	
  structure	
  refinement	
  for	
  jyy34a.	
  
Identification	
  code	
  	
   jyy34a	
  
Empirical	
  formula	
  	
   C14	
  H17	
  B	
  F4	
  N2	
  Ni	
  O	
  
Formula	
  weight	
  	
   374.82	
  
Temperature	
  	
   133(2)	
  K	
  
Wavelength	
  	
   0.71073	
  Å	
  
Crystal	
  system	
  	
   Monoclinic	
  
Space	
  group	
  	
   P2(1)/n	
  
Unit	
  cell	
  dimensions	
   a	
  =	
  6.9448(6)	
  Å α= 90°. 
 b	
  =	
  10.2880(9)	
  Å β= 91.3330(10)°. 
 c	
  =	
  20.9612(18)	
  Å γ = 90°. 
Volume	
   1497.2(2)	
  Å3	
  
Z	
   4	
  
Density	
  (calculated)	
   1.663	
  Mg/m3	
  
Absorption	
  coefficient	
   1.343	
  mm-­‐1	
  
F(000)	
   768	
  
Crystal	
  color	
   orange	
  
Crystal	
  size	
   .15	
  x	
  .194	
  x	
  .317	
  mm3	
  
Theta	
  range	
  for	
  data	
  collection	
   1.94	
  to	
  28.80°	
  
Index	
  ranges	
   -­‐9	
  <=	
  h	
  <=	
  8,	
  -­‐9	
  <=	
  k	
  <=	
  12,	
  -­‐28	
  <=	
  l	
  <=	
  16	
  
Reflections	
  collected	
   4876	
  
Independent	
  reflections	
   3256	
  [R(int)	
  =	
  0.0244]	
  
Completeness	
  to	
  theta	
  =	
  28.80°	
   83.1	
  %	
  	
  
Absorption	
  correction	
   None	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data	
  /	
  restraints	
  /	
  parameters	
   3256	
  /	
  0	
  /	
  211	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   0.943	
  
Final	
  R	
  indices	
  [I>2sigma(I)	
  =	
  2626	
  data]	
  R1	
  =	
  0.0375,	
  wR2	
  =	
  0.1081	
  
R	
  indices	
  (all	
  data,	
  ?	
  Å)	
   R1	
  =	
  0.0474,	
  wR2	
  =	
  0.1141	
  
Largest	
  diff.	
  peak	
  and	
  hole	
   0.530	
  and	
  -­‐0.616	
  e.Å-­‐3	
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[NiCoL3](BF4)2.	
  
	
  
	
  	
  Table	
  11.	
  	
  Crystal	
  data	
  and	
  structure	
  refinement	
  for	
  jyy36b.	
  
Identification	
  code	
  	
   jyy36b	
  
Empirical	
  formula	
  	
   C47.50	
  H48	
  B4	
  Co2	
  F16	
  N7	
  Ni2	
  O3	
  
Formula	
  weight	
  	
   1347.45	
  
Temperature	
  	
   296(2)	
  K	
  
Wavelength	
  	
   0.71073	
  Å	
  
Crystal	
  system	
  	
   Triclinic	
  
Space	
  group	
  	
   P-­‐1	
  
Unit	
  cell	
  dimensions	
   a	
  =	
  11.5681(11) Å α= 106.1990(10)°. 
 b	
  =	
  16.2209(15) Å β= 105.7400(10)°. 
 c	
  =	
  18.1038(18) Å γ = 104.2350(10)°. 
Volume	
   2943.7(5)	
  Å3	
  
Z	
   2	
  
Density	
  (calculated)	
   1.520	
  Mg/m3	
  
Absorption	
  coefficient	
   1.279	
  mm-­‐1	
  
F(000)	
   1360	
  
Crystal	
  color	
   orange	
  
Crystal	
  size	
   0.42	
  x	
  0.41	
  x	
  0.09	
  mm3	
  
Theta	
  range	
  for	
  data	
  collection	
   1.26	
  to	
  28.34°	
  
Index	
  ranges	
   -­‐15	
  <=	
  h	
  <=	
  7,	
  -­‐13	
  <=	
  k	
  <=	
  21,	
  -­‐23	
  <=	
  l	
  <=	
  23	
  
Reflections	
  collected	
   15696	
  
Independent	
  reflections	
   12282	
  [R(int)	
  =	
  0.0598]	
  
Completeness	
  to	
  theta	
  =	
  28.34°	
   83.5	
  %	
  	
  
Absorption	
  correction	
   None	
  
Max.	
  and	
  min.	
  transmission	
   0.8936	
  and	
  0.6164	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data	
  /	
  restraints	
  /	
  parameters	
   12282	
  /	
  0	
  /	
  776	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   1.021	
  
Final	
  R	
  indices	
  [I>2sigma(I)	
  =	
  7134	
  data]	
  R1	
  =	
  0.0745,	
  wR2	
  =	
  0.2292	
  
R	
  indices	
  (all	
  data,	
  ?	
  Å)	
   R1	
  =	
  0.1205,	
  wR2	
  =	
  0.2523	
  
Largest	
  diff.	
  peak	
  and	
  hole	
   3.093	
  and	
  -­‐0.600	
  e.Å-­‐3	
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[NiZnL3](BF4)2.	
  
	
  
	
  	
  Table	
  14.	
  	
  Crystal	
  data	
  and	
  structure	
  refinement	
  for	
  jyy50a.	
  
Identification	
  code	
  	
   jyy50a	
  
Empirical	
  formula	
  	
   C31	
  H41	
  B2	
  F8	
  N5	
  Ni	
  O3	
  Zn	
  
Formula	
  weight	
  	
   829.39	
  
Temperature	
  	
   173(2)	
  K	
  
Wavelength	
  	
   0.71073	
  Å	
  
Crystal	
  system	
  	
   Monoclinic	
  
Space	
  group	
  	
   P2(1)/c	
  
Unit	
  cell	
  dimensions	
   a	
  =	
  12.7304(6)	
  Å α= 90°. 
 b	
  =	
  13.9945(7)	
  Å β= 105.3933(6)°. 
 c	
  =	
  21.1155(10)	
  Å γ = 90°. 
Volume	
   3626.9(3)	
  Å3	
  
Z	
   4	
  
Density	
  (calculated)	
   1.519	
  Mg/m3	
  
Absorption	
  coefficient	
   1.261	
  mm-­‐1	
  
F(000)	
   1704	
  
Crystal	
  color	
   orange	
  
Crystal	
  size	
   0.51	
  x	
  0.48	
  x	
  0.40	
  mm3	
  
Theta	
  range	
  for	
  data	
  collection	
   1.66	
  to	
  29.21°	
  
Index	
  ranges	
   -­‐17	
  <=	
  h	
  <=	
  17,	
  -­‐19	
  <=	
  k	
  <=	
  19,	
  -­‐27	
  <=	
  l	
  <=	
  28	
  
Reflections	
  collected	
   44198	
  
Independent	
  reflections	
   9282	
  [R(int)	
  =	
  0.0509]	
  
Completeness	
  to	
  theta	
  =	
  25.00°	
   100.0	
  %	
  	
  
Absorption	
  correction	
   None	
  
Max.	
  and	
  min.	
  transmission	
   0.6358	
  and	
  0.5662	
  
Refinement	
  method	
   Full-­‐matrix	
  least-­‐squares	
  on	
  F2	
  
Data	
  /	
  restraints	
  /	
  parameters	
   9282	
  /	
  0	
  /	
  496	
  
Goodness-­‐of-­‐fit	
  on	
  F2	
   1.077	
  
Final	
  R	
  indices	
  [I>2sigma(I)	
  =	
  7503	
  data]	
  R1	
  =	
  0.0606,	
  wR2	
  =	
  0.1888	
  
R	
  indices	
  (all	
  data,	
  ?	
  Å)	
   R1	
  =	
  0.0715,	
  wR2	
  =	
  0.1950	
  
Largest	
  diff.	
  peak	
  and	
  hole	
   1.555	
  and	
  -­‐1.327	
  e.Å-­‐3	
  
	
  




