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FOREWORD 

(This Foreword is not  part of the Task Group  Report.) 

The  attached  report  takes  each NQA-1 Basic Requirement  and  indicates  the  compa- 
rable  paragraphs of I S 0  9001. A summary of the  requirments of each is provided. The 
Task Group  has  added a  narrative  comparison of the  requirements of each  and a con- 
clusion noting if an NQA-1 program would meet  the IS0 9001 requirement  and vice 
versa. 

111 
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(The  following is the roster of the Task Group at the time of the preparation of this report.) 
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R. W. Boyce, Chairman 
T. R. Colandrea 
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COMPARISON OF 
ASME  NQA-1  AND IS0 9001 

Basic Requirement  1 
Supplement 1s-1 
Organization 

4.1.2.1 Responsibility and  Authority 
4.1.2.3 Management Representative 

Requires  that  a quality organization  be  established  Requires that  a quality organization  be established 
with a  responsible level  of management  identified. with a  responsible level of management  identified. 

COMPARISON 
NQA-1 and I S 0  9001 have  equivalent  require- 

ments. 

CONCLUSION 
A quality program  that  meets  the  requirements of 

either  standard would meet  the  requirements of both 
standards. 

Basic Requirement 2 
Quality Assurance Program 

4.2 Quality  System 

Requires  that  a quality  program be developed,  Requires that  a quality  program  be  developed, 
documented,  and  implemented.  documented,  and  implemented. 

COMPARISON 

NQA-1 and IS0 9001 have equivalent  require- 
ments. 

CONCLUSION 
A quality  program that  meets  the  requirements of 

either  standard would meet the  requirements of both 
standards. 
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COMPARISON OF 
ASME NQA-1 AND IS0 9001 

Supplement 2s-1 through 2s-4 
Personnel Indoctrination and Training 

4.1.2.2 Verification Resources and Personnel 
4.18 Training 

Requires  that  personnel  be  indoctrinated,  trained,  Requires  that all personnel  receive  training in ac- 
and  evaluated. The indoctrination,  training,  and eval- cordance with written  procedures. 
uation  must  be  documented. Specific requirements 
are provided  for  indoctrination  and  training of audit 
and NDE personnel. 

COMPARISON 

NQA-1 contains  more specific  requirements  for 
the  indoctrination, training,  and  evaluation of per- 
sonnel. 

CONCLUSION 

A quality program  that  meets  the  requirements of 
NQA-1 will meet  the  requirements of IS0  9001. Con- 
versely, a  quality  program that  meets  the  require- 
ments of IS0 9001 may not  meet  the  requirements 
of NQA-1. 

Basic Requirement 3 
Supplement 3s-1 
Design Control 

4.4 Design Control 

Requires  that  the design  process be  defined, con- Requires  that  the design  process be  defined,  con- 
trolled,  and  documented. All designs must be verified trolled,  and  documented. All designs  must be verified 
and all  changes reviewed and  approved. and all changes reviewed and  approved. 

COMPARISON 
NQA-1 contains  more specific requirements  for 

the identification of individuals  and  groups  respon- 
sible for design activities (ie., review, approval,  and 
verification). Also, NQA-1 requires  more  detailed 
design  procedures. I S 0  9001 does  not  address  com- 
puter software. 

CONCLUSION 
A quality  program that  meets  the  requirements of 

NQA-1 will meet  the  requirements of IS0  9001. Con- 
versely, a  quality  program that  meets  the  require- 
ments of IS0  9001 may not  meet  the  requirements 
of NQA-1. 
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COMPARISON OF 
ASME  NQA-1  AND IS0 9001 

Basic Requirement 4 
Supplement 4s-1 
Procurement Document  Control 

4.6.2 Assessment of Subcontractors 
4.6.3 Purchasing Data 
4.6.4  Verification of Purchased Product 

Requires  that  procurement  documents  be  pre- Requires  that  procurement  documents  be  pre- 
pared, reviewed, and  approved.  Provides  for specific pared, reviewed, and  approved.  Provides  for specific 
items to  be included in the  procurement  documents. items  to  be  included in the  procurement  documents. 

be reviewed and  approved. 
Requires  that  changes  to  procurement  documents 

COMPARISON 

IS0 9001 does not  provided  for the  control of 
changes to  procurement  documents. Also, the  pro- 
curement  documents  are not  required  to  include 
items  addressing  noncomformances or  spare  and  re- 
placement  parts. 

CONCLUSION 

A quality program  that  meets  the  requirements of ' 

NQA-1 will meet  the  requirements of I S 0  9001. Con- 
versely, a  quality  program that  meets  the  require- 
ments of IS0 9001 may not meet  the  requirements 
of NQA-1. 

Basic Requirement 5 4.2(b) Quality System 
Instructions, Procedures, and  Drawings 4.4.4(b) Design Output 

Requires  that activities be  performed in accord- Requires  that activities be  performed in accord- 
ance with documented  procedures,  instructions, or ance with documented  procedures, instructions, or 
drawings. These  documents must  include or refer- drawings. These  documents  must  include  or  refer- 
ence  acceptance  criteria of the activity. ence  acceptance  criteria for the activity. 

COMPARISON 

NQA-1 and I S 0  9001 have equivalent  require- 
ments. 

CONCLUSION 

A quality  program that  meets  the  requirements of 
either  standard would meet  the  requirements of both 
standards. 
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COMPARISON OF 
ASME NQA-1 AND IS0 9001 

Basic Requirement  6 
Supplement 6s-1 
Document  Control 

4.5 Document  Control 

Requires  that  documents specifying quality re- Requires  that  documents specifying quality  re- 
quirements be identified,  reviewed,  approved,  and quirements  be identified,  reviewed,  approved,  and 
controlled. controlled. 

COMPARISON 

NQA-1 and I S 0  9001 have equivalent  require- 
ments except that NQA-1 allows minor revisions to 
be  made without the  same review and approval  re- 
quired  for  the original  document or major revisions. 
I S 0  9001 requires  a  master list, or equivalent, be 
established  to  identify  current revision of the  docu- 
ments  and it recommends  identification of the  nature 
of the changes  to  the  documents. 

CONCLUSION 
A quality  program that  meets  the  requirements of 

I S 0  9001 will meet  the  requirements of NQA-1. Con- 
versely, a quality program  that  meets  the  require- 
ments of NQA-1 may not  meet  the  requirements of 
IS0  9001. 

Basic Requirement  7 4.6.1 General 
Supplement 7s-1 4.6.2 Assessment of Subcontractors 
Control of  Purchased Items  and Services 4.6.4 Verification of  Purchased Product 

4.7 Purchaser Supplied Product 

Requires  that  the  purchase of items  and services Requires  that  the  purchase of items and services 
is controlled.  Provides  for Source evaluation,  evalu- is controlled.  Provides  for  source  evaluation, evalu- 
ation of objective  evidence,  source  inspection,  audit, ation of objective evidence,  source  inspection, and 
and  examination. examination. 

COMPARISON 
NQA-1 contains  additional  requirements  for ex- 

ternal  audits,  control of nonconformances,  procur- 
ment  planning,  and  commercial grade items. 
Commercial grade items are  not  applicable  to I S 0  
9001. NQA-1 provides  specific  requirements  for the 
control of purchased  items  and services. 

CONCLUSION 

A quality program  that  meets  the  requirements of 
NQA-1 will meet  the  requirements of IS0  9001. Con- 
versely, a  quality  program that  meets  the  require- 
ments of I S 0  9001 may not meet  the  requirements 
of NQA- 1. 

4 

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME N
QA 19

93

https://asmenormdoc.com/api2/?name=ASME NQA 1993.pdf


COMPARISON OF 
ASME NQA-1 AND IS0 9001 

Basic Requirement 8 
Supplement  8s-1 
Identification  and  Control of Items 

4.10 Inspection and  Testing 
4.8 Product Identification  and  Traceability 

Requires  that items  be  identified  and  controlled  Requires that items be identified  and  controlled 
to  prevent the use of nonconforming  items. to prevent the use of nonconforming  items. 

COMPARISON 
NQA-1 contains  additional  requirements  for the 

control of limited life items. The  other  requirements 
for identification  and  control of items are equivalent. 

CONCLUSION 
A quality program that  meets  the  requirements of 

NQA-1 will meet  the  requirements of I S 0  9001. Con- 
versely, a quality program that meets the  require- 
ments of IS0 9001 may not  meet  the  requirements 
of NQA-1. 

Basic Requirement 9 
Supplement  9s-1 
Control of Processes 

4.9 Process Control 

Requires  that all processes affecting be controlled. Requires  that all  processes  affecting be controlled. 
Special processes  must  be  performed in accordance Special processes  must be  performed in accordance 
with written  procedures by qualified individuals using with written  procedures by qualified individuals using 
qualified  equipment. qualified  equipment. 

COMPARISON 
NQA-1 and IS0  9001 have equivalent  require- 

ments. 

CONCLUSION 
A quality program that  meets  the  requirements of 

either  standard would meet the  requirements of both 
standards. 
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COMPARISON OF 
ASME NQA-1 AND IS0 9001 

Basic Requirement 10 
Supplement 10s-1 
Inspection 

4.10 Inspection and Testing 

Requires  that inspections  performed to verify con- Requires  that inspections  performed to verify con- 
formance of items to specified  criteria  be  controlled. formance of items to specified criteria  be  controlled. 
Items may not be used  until after any required in- Items may not  be  used  until  after any required in- 
spection  has been successfully accomplished. spection  has  been successfully accomplished. 

COMPARISON 
NQA-1 contains  additional  requirements  for  the 

qualification of inspection  personnel. NQA-1 con- 
tains  more specific requirements  for  records. 

CONCLUSION 

A quality program that  meets  the  requirements of 
NQA-1 will meet the  requirements of I S 0  9001. Con- 
versely, a quality program that  meets  the  require- 
ments of I S 0  9001 may not meet  the  requirements 
of NQA-1. 

Basic Requirement 11 
Supplement 11s-I and 11s-2 
Test Control 

4.10 Inspection and Testing 

Requires  that tests  performed to verify conform- Requires  that  tests  performed  to verify conform- 
ance  of  items to specified  criteria  be  controlled. ance of items to specified  criteria be controlled. 
Items may not be used until after any required test Items may not be used until  after any required test 
has  been successfully accomplished. has  been successfully accomplished. 

--. 
COMPARISON 

NQA-1 contains  additional  requirements  for  the 
evaluation of test  results by personnal  that have spe- 
cific authority. NQA-1 contains  more specific re- 
quirements  for  records. 

CONCLUSION 
A quality  program that  meets  the  requirements of 

NQA-1 will meet  the  requirements of I S 0  9001. Con- 
versely, a quality program that  meets  the  require- 
ments of I S 0  9001 may not  meet  the  requirements 
of NQA-1. 
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COMPARISON OF 
ASME  NQA-1  AND IS0 9001 

Basic Requirement 12 4.11 Inspection, Measuring  and  Test Equipment 
Supplement 12s-1 
Control of Measuring and Test Equipment 

Requires  that measuring  and  test  equipment be  Requires  that measuring and test  equipment  be 
controlled  and  calibrated.  identified,  controlled, and calibrated. Also, the mea- 

surements  to  be  taken must be identified and docu- 
mented. 

COMPARISON 
I S 0  9001 contains  a  more  comprehensive  and  de- 

tailed  definition of the  requirements for the  control 
of inspection,  measuring and  test  equipment. It also 
includes specific provisions for checking the capabil- 
ity  of test  hardware (such as jigs, fixtures, templates, 
patterns)  and  test software.  While the  intent of 
NQA-1 is the  same, it  does  not  contain  similar ex- 
plicit requirements. 

CONCLUSION 
A quality program that  meets  the  requirements of 

I S 0  9001 will meet  the  requirements of NQA-1 
(Basic  Requirement 12 and  Supplement 12s-1). Con- 
versely, a quality program that meets the require- 
ments of NQA-1 may not meet  the  requirements of 
I S 0  9001. 

Basic Requirement 13 
Supplement 13s-1 
Handling, Storage, and Shipping 

4.15 Handling, Storage, Packaging  and Delivery 

Requires  that  product  be controlled to prevent  Requires  that  product  be  controlled to prevent 
damage, loss, or  deterioration.  damage, loss, or deterioration. Also, requires specific 

assessment of the effectiveness of the  control pro- 
cedures used. 

COMPARISON 

I S 0  9001 requirements  are  more programmatic in 
nature, NQA-1 requirements  more specific. I S 0  
9001 includes  a  requirement  for  detecting  deterio- 
ration of product(s)  through  periodic  assessment  of 
the condition of products in storage. 

CONCLUSION 
A program  meeting NQA-1 may not completely 

meet the  requirements of I S 0  9001. Similarly, a  pro- 
gram meeting I S 0  9001 may not  completely  meet the 
requirements of NQA-1. 
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COMPARISON OF 
ASME NQA-1 AND I S 0  9001 

Basic Requirement 14 
Inspection, Test, and  Operating  Status 

4.12 Inspection and Test  Status 

Requires  that  items  be identified as  to  their con- Requires  that items be identified as  to  their con- 
formance to specified requirements  to  prevent  the formance to specified requirements to prevent the 
use of nonconforming  items. Also, the authority to use of nonconforming  items. Also, the authority to 
identify the  status of the items  must  be  documented. identify the  status of the items  must be  documented. 

COMPARISON 
NQA-1 and I S 0  9001 have equivalent  require- 

ments. 

CONCLUSION 
A quality program  that  meets  the  requirements of 

either  standard would meet  the  requirements of both 
standards. One exception is that I S 0  9001 specifi- 
cally addresses  test  software while NQA-1 does  not 
provide specific requirements. 

Basic Requirement 15 
Supplement 15s-1 
Control of Nonconforming Items 
and  Supplement 7s-1, Section 9 
Control of Supplier Nonconformances 

4.13 Control of Nonconforming Product 

Requires  that nonconforming  items be identified  Requires that nonconforming  items be identified 
and controlled until final disposition. and controlled until final disposition. 

COMPARISON 
NQA-1 and I S 0  9001 have equivalent  require- 

ments.  However, NQA-1, Supplement 15s-1 contains 
more  detailed  requirements concerning  identifica- 
tion,  segregation,  and  dispositioning of nonconform- 
ing items. 

CONCLUSION 

A quality program  that  meets  the  requirements of 
NQA-1 will meet  the  requirements of I S 0  9001. Con- 
versely, a quality program that  meets  the  require- 
ments of I S 0  9001 may not  meet  the  requirements 
of NQA-1. 
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COMPARISON OF 
ASME  NQA-1  AND IS0 9001 

Basic Requirement 16 
Corrective Action 

4.14 Corrective Action 

Requires  that conditions  adverse to quality be Requires  that all systems, records, and  procedures 
identified  and  corrected. For significant  conditions be analyzed to  detect  and eliminate  potential  causes 
adverse to quality, corrective  actions  must  be  docu- of nonconforming  product.  Nonconformances  must 
mented  and  reported to management,  and  the  cause be identified  and  corrected, and  the  cause must  be 
of the condition  must be  determined  and  corrected. identified,  documented,  and  corrected. 

COMPARISON 
Both  standards  take  a  programmatic  approach to 

the identification  and  elimination of conditions that 
lead to nonconformance. I S 0  9001 is more  compre- 
hensive in the identification of sources of information 
that  are  to  be used  for  detection  and  elimination of 
causes of nonconforming  product. NQA-1 is more 
specific in requirements  for  reporting to manage- 
ment,  and  for  corrective  action  to  be  applied to any 
condition  adverse to quality of services, operations, 
etc.,  as well as  product. 

CONCLUSION 

The programmatic  and  reporting  requirements of 
the two standards  are somewhat  different. A quality 
program that  meets  the  requirements of one of the 
standards may not  meet  the  requirements of the 
other  standard. 

Basic Requirement 17 4.16  Quality Records 
Supplement 17s-1 
Quality Assurance  Records 

Requires  that a  documented system be  imple- Requires  that  records  be identified,  stored,  main- 
mented to generate,  validate,  store,  retrieve,  and dis- tained,  and  disposed of  in accordance with written 
pose of records. procedures. 

COMPARISON 

NQA-1 contains  more specific requirements  for 
storage facilities and  for indexing, distribution,  iden- 
tification, classification, and  storage of records. 
NQA-1 provides requirements  for  generation, vali- 
dation,  and  receipt of records  not  included in I S 0  
9001. 

CONCLUSION 
A quality program that  meets  the  requirements of 

NQA-1 will meet  the  requirements of I S 0  9001. Con- 
versely, a quality program that  meets  the  require- 
ments of I S 0  9001 may not meet  the  requirements 
of NQA-1. 
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COMPARISON OF 
ASME NQA-1 AND IS0 9001 

Basic Requirement 18 
Supplement 18s-1 
Audits 

4.1.2.2 Verification Resources and Personnel 
4.17 Internal  Quality Audits 
4.18 Training 

Requires  that a system of planned  and  docu-  Requires  that  a system of planned  and docu- 
mented  internal  and  external  audits  be  conducted.  mented  internal  audits  be  conducted. 

COMPARISON 
NQA-1  contains  more  additional  requirements  for 

external  audits,  audit  plan,  and  selection of the  audit 
team. NQA-1 provides more  specific  requirements 
for  scheduling,  personnel,  performance, and docu- 
mentation. 

CONCLUSION 
A  quality .program that  meets  the  requirements of 

NQA-1 will meet the  requirements of IS0 9001. Con- 
versely, a quality program that  meets  the  require- 
ments of IS0 9001  may not meet  the  requirements 
of NQA-1. 

IS0 9001 Requirements Without Specific 
NQA-1 Counterparts 

I S 0  9001 also  contains the following requirements. 
These requiremnts are addressed by NQA-1 
throughout  the  document  as  part of the quality pro- 
gram but  are not treated explicitly as  separate sec- 
tions. 

4.3 Contract  Review 
Requires  that  each  contract  be reviewed to  deter- 

mine if the organization  can  adequately fulfill its con- 
tractual responsibility. 

4.19 Servicing 
Requires  that  procedures  be established  for serv- 

icing products. 

4.20 Statistical Techniques 
Allows for  statistical  techniques to  be used  for  ver- 

ification (inspection  and  test). 

10 
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  I ch möc hte mei n em D o ktorv ater  Pr of . I n go Kr ossi n g d ank en , f ür  di e i nt er essa nte Auf ga be nstel l un g u nd di e gro ße Fr ei hei t  bei  d er  I nt erpr etat i o n des Th emas , f ür  d enO pt i mi smus un d di e G e dul d .I ch da nke Pr of . Car ol i ne R öhr f ür  di e Ü ber nah me d es K orref er ates u nd m ei ne mD ri t tprüf er Prof . St ef a nW eb er . Al l en aktu el l en u nd e he mal i ge n Mi tgl i ed ern d es A K Kr ossi n g, K na pp , Kl i n gel e u nd H a sen stab -Ri e del :Al e xan der  H i g el i n, Al e xa nd er  Ru pp , Ank e H of f ma nn , A nn e Kraf t , Be ne di kt  Bur ge nm ei st er , Bo uma h di  Ben kmi l , Br i gi t t e Jör ger , C arsten Kn ap p, Chr i sto ph Bol l i , C hr i stop h Sc hul z , D ani el H i mmel , D ani el  Krat zer t , D omi ni k K aase , El i as Frei , Fadi m e Bi tg ül , Fel i x Br osi , Fra nzi ska Sc hol z , G erd a Pro bst , G unth er  Stei nf el d, H a nn es B öhr er , H ar al d Sc herer , H ei ke H al l er , J ana Macl ar en , Jen ni f er  Be ck , Jul i a Kl i ngel e , Jul i a Sc haef er , K ath ar i na P ütz , Luci a Al vareH ern an dez , Mar i n a Ar t amo n ova , Mar i b el  Si er ra Tr i l l o, Mart i n Li c htent hal er , Mat hi as H i l l ,Mathi as K eßl er , Mei pi n Li u, Mi c ha el  H og , Mi cha el  Rh od e, Mi chel  P anz er , Mi r i am S chw a b ,N i l s Trap p, O l af  P eterse n, Pet ra Kl ose , Pe n gch en g Z ha ng , Phi l i pp Ei de n, Przem ek M al i now ski ,R obi n Brüc kn er , S af ak B ul ut , Sasc ha G ol l , S eb ast i an H as enst ab -Ri e del , St ef a ni e Rei ni ng er , Ti mo H ux el , T obi as Kö ch ner , To bi as E ng esser , To bi as S chl ö der , V al ent i n D y bb ert , V al ent i n Ra dtke , V era Br uck sch , W erner  D e ck , Wi tal i  Bei chel  sow i e de n A uszu bi l de nd en Kat r i nW ag ner , Kr i st i n G ut t sch e, An na Er l e , R ai ner  Ri eba u , Mi ra Sc hul z , Fl or i an St ahl  un d M el ani e San ch ez.I c h d ank e mei n en Bor f re un de n, Mathi as Ke ßl er , H a nn es Bö hrer , C hr i sto ph B ol l i  und g an zb eso nd ers C arst en Kn ap p f ür  di e vi el e n ge mei ns ame n R ei sen ( u nd di e H i l f e bei  dem Wi ed er f i nd en v on v er l ore ne n G ep äckst ück en) .I c h d ank e d em e hem al i gen Tea m I L, U l r i ch Prei ss, Phi l i pp Ei d en , S af ak B ul tut  un d d emM astermi nd D a ni el  H i mmel .Ti m u nd Mart i n f ür  d as A nf er t i ge n u nd di e Re par atur  za hl rei cher  Sp ezi al gef äße .D e m Te am d er  Werk st at t , der  H au stec hni k , der  Pf ort e u nd der  Che mi kal i en aus ga be .I I I ch da nke G er da Pro bst , Vera Bruc ksc h un d Br i gi t te Jör ger  f ür  i hre gro ßar t i ge H i l f e bei  d er f ast  ni cht  z u bew äl t i gen de n B ürokr at i e. B es on ders d an ke i ch i h nen f ür  di e G ed ul d mi t  mi run d f ür  di e U n ge dul d ge ge nü ber  dem Rekt orat . N i c ht  zu ver ges se n di e hi l f rei che n Ti p ps f ür j ed e Le be nsl ag e, das F ahrra d u nd der  V orrat  a n Lakr i t z e.I c h da nke Wi nni  W eb er  f ür  Vers or gu ng mi t  G as ( un d al l em w as m an so nst  n oc h bra ucht )  u ndf ür  di e vi el e n G espr äch e ü ber  U r l au b un d G r i l l en.I ch dan ke T hi l o Lu dw i g, U w e Pel z u nd Przem ek M al i now ski  f ür  d as Mess un g u nd Ausw erte n der Pul v erdi f f rakto gra mme .I ch da nke An na Er l e u n d Lea Ei s el e, f ür  di e La borar bei t  i n d er  Zei t  al s i ch kei ne hat t e .F adi me , P et ra u nd Car ol a f ür  das bes ei t i gen v on Ch aos , d as A usl ei he n v on Che mi kal i en u n dLa bor ge ge nstä nd en , f ür  da s Mess en v on S pe kt ren .I c h da nke Mo ni  f ür  das u ngl a ubl i ch grü ndl i ch e K orrekt ur l ese n un d nat ür l i ch au ch f ür  di eau sg ede h nten Rei se n o hne Zi el .I ch da nke H ar al d Sc her er , d ass er  m ei n Le hrer  

w ar .I ch dan ke An dré , Jon ath an , H an nes , Si m on , Max , Mat hi as , Mo ni  un d Mar i o f ür  di e l ust i ge Zei t . Mi r i am da nke i ch f ür  di e Z ei t  i n 329 u nd dan ac h. O hne di ch w är e i ch ni em al s f er t i g gew orde n .T obi , i ch da nke di r  f ür  Al l es.I c h da nke mei ner  F ami l i e – al l en. M ei ne n El t ern un d mei n em Br ud er  f ür  di e U nterst üt z un g i nj eder  H i nsi c ht . B es on ders m ei ner  M ut ter  f ür  di e vi el e nA uf o pf er un gsv ol l en W och en en de n. U n dn atür l i ch T obi a s un d Vi tus . n ece ssary to f i n d al t ern at i ve en erg y so urces . Th e e nvi ron me ntal  toxi ns pro duc ed by th eco mb ust i on of  f ossi l  f uel s w i l l  become a c onst ant l y i ncre asi n g pro bl em . I n t hi s co ntext hy dro ge n i s st i l l a promi si ng al t er nat i ve e ner gy c ar r i er [ 2] ,[ 3] ,[ 2b] ,[ 4] . Th e stora ge a nd t he t ran sp ort as w el l  as t he re ge nerat i o n are i m porta nt  f or  t he use of  hydr og en as so urce of  e ner gy .Pr obl e mat i c i s t hat  at  t he m om ent  hy dr og en i s chi ef l y ge ner ate d f rom f ossi l  f uel s,  usual l y f romm eth an e[ 5] ,[ 6] . As an al t er nat i ve f or  f os si l  f uel s a new  ge ner at i on m eth od m ust  be dev el o pe d. Th ere i s a cl ean pre parat i o n of  h ydr og en f ro m H 2O , w hi c h i s a com bi nat i o n of  p hot ov ol t ai c cel l san d the el e ct rol ysi s of  w ater [ 7] . T he o veral l  en ergy gai n of  hydr o gen en ergy pro duc ed t hat  w ay al w ays d ep en ds o n the e ner gy w hi c h w as use d to s pl i t  t he w ater [ 8] ,[ 9] . A not her  possi bi l i t y f or  t hes ui t abl e gen erat i o n of  hy dro ge n i s f rom bi o mass , w hi ch i s f or  ex am pl e des cr i be d i n t he re vi ew of  Fl or i n a nd H arr i s[ 1 0]  or  D u, Li  a nd G u[ 11] . Th e next  di f f i cul t y i s t he storag e of  the hydr o gen .T he pro bl em i s t hat  h ydr og en i s a l i ght  gas .T hat ` s w h y i t  can onl y st ore l i t t l e energ y per  v ol um e. T he gas m ust  be c om press ed , l i qu ef i ed or abs orb ed f or  pract i cal  us e[ 12] . T here ar e hi g h- press ure h ydr og en st orag e tan ks, i n w hi c hh ydr og en c oul d be stor ed up to 900 bar , w her eas f or  re gul ar  use o nl y 70 0 bar  ar e co mmo n .H i gh er  press ure c an not  b e real i ze d d ue to saf et y i ssues[ 13] . Al l  t hese pro bl ems c oul d be a voi d edi f  t he hydr og en w a s che mi cal l y bo un d . A sui t a bl e co mp ou n d w oul d hav e to stor e hi g hq ua nt i t i es of  hydr og en at  l ow  pr ess ure . A nd th e rel eas e must  be ea sy, i n de pe nd ent  of  t heext ern al  press ure a nd p ossi bl e at  l ow  t emp eratur es. Th e by pro du ct s sho ul d n ot  b e toxi c. I t  w asrec om me nd ed th at  at  l east  15 w t  % hy dr og en sh o ul d be r el easa bl e . A nd of  cours e the st ora gem ust  b e ren ew abl e[ 14] . H ow ev er , th e pyr ol ysi s of  M g( BH 4) 2 yi el ds M g( B3H 8) 2 at  2 00 °C w i th f or mat i on of  H 2 an d i sreversi bl e. M g( B 3H 8) 2 a n d MgH 2 f orm M g( BH 4) 2 at  25 0 °C a nd 120 atm H 2 pr essur e[ 72] .T he pyrol ysi s of  rel easi n g[ 7 3] ,[ 7 4] . T he el i mi nat i o n of  2 .2 m ol  H 2 per  m ol e am mo ni ab ora ne o ccurs i n tw o step s, th e f i r st  at  343- 36 4 K an d th e sec on d at  47 3 K . But  t h e l oss of  w ei ght  i n t he TG mea sure me nt s i s hi gher  t han t he l oss of  h ydr og en . T here m ust  b e an oth er  am ou nt  of  B2H 6[ 75] . By a d di ng org ani c sol v ent s[ 7 6] , i o ni c l i qui ds[ 7 7]  or  „hi g h p oro us si l i ca“[ 78] , t h etem perat ures a n d the f orm at i on of  oth er  gas es ca n b e red uce d . A noth er  p ossi bi l i t y i s t he use the sem ater i al s i s t hat  t he pr od uct s of  t h e ther m al  

H 2 evol ut i on , the pol ym er i c amm oni a b oran e or bora zi ne c oul d not  be re ge nerat ed to a mm oni a bor an es. 4. H y drol ysi s of  H y dr i des Th e hy drol ysi s of  h ydr i d es w ork s w i th the sam e or  si mi l ar  subst anc es that  w er e use d i n t he pyr ol ysi s sect i o n. I n t h eor y, N a BH 4 c ont ai ns 10 .8 w t  % h ydr og en a nd r eact s w i th w ater  u nd er  H 2el i mi nat i o n at  ro om tem per ature . S odi u m b oro n hy dr i de has of t en b ee n exa mi ne d as h ydr og enst ora ge m ater i al [ 81] ,[ 82] ,[ 83] ,[ 84] ,[ 85] . B ut  i n real i t y the acc essi bl e w ei ght  p erce nta ge of  h ydr og en i sl ess t ha n 1 0. 8 %. So di um b or on h ydr i d e has po or  w ater  s ol ubi l i t y. T heref ore m ore w ater  m ustb e a dd ed[ 8 6]  w hi ch d ecre ase s the h ydr og en w ei g ht  p erce nta ge . Th e aq ue ous s ol ut i o n be com es basi c af t er  t h e f i r st  el i mi nat i on of  H 2. T hi s l ead s to a sta bi l i zat i on of  N aBH 4. Catal yst s arere qui re d to el i mi nat e mor e H 2. A ba se st a bi l i zes i t  has to be dr i e d to f or m an hy dro us N aBO 2[ 9 1] ,[ 9 2] ,[ 9 3] . T he n the re act i o n f ol l ow s the „m odi f i ed Bay er  pr oces s“[ 94] . I n t hi s proc ess , Mg[ 95]  or  M gH 2[ 9 6] ,[ 97]  i s t he re duci n g a ge nt  an d i t  i s car r i edout  i n a n H 2 atm osp her e. But  t he r eact i o n co ndi t i o ns are e xp ensi ve an d da ng ero us . So N a BH 4 co ul d n ot  be re ge ner ate d on a c om merci al  scal e[ 95] . Th ere are m an y oth era ppr oac hes[ 98] ,[ 99] ,[ 10 0] ,[ 1 01] , f or  exa mpl e th e el ect r ol yt i c proc ess of  Co op er[ 10 2]  w hi ch i s pr omi si ng .T hi s pro cess i s st i l l  under  ex ami n at i on[ 1 03] ,[ 10 4] . S o di um b oro n hy dr i d e w i l l  onl y be a hy dro ge nstor ag e mater i al , i f  i t  can be reg en erate d un der  mi l d c on di t i ons a nd w i th m ana ge abl e c ost s .mat er i al  i n t heory , as i t  w as di scu sse d i n t he c ha pter  pyr ol ysi s of  hy dr i des . At  roo m tem perat ure5 A B i s ai r-stabl e a nd s ol u bl e i n pol ar  s ol ve nt s l i ke w ater[ 10 5] . T o hy drol y ze the AB , aci d must  bea dd ed[ 10 6] ,[ 1 07] . Cat al yst s co ul d al so a ccel er ate th e hy d roge n el i mi nat i o n of a mi no/ amm oni a b oran es ( ch apter  6. 1) . B ut  the re ge ner at i on d oe s not  w ork yet . Al t h ou gh th ere hav e b een at t em pt s to l ow er  th e cost s f or  th e pr od uct i o n[ 10 8] ,[ 1 09] , amm o ni ab oran es , l i ke f ossi l mater i al s.I n 2 00 7 R amac ha ndr an dev el op ed a on e p ot  synt hesi sf or  t h e f orm at i on of  a mi no bor an es f romN H 4[ B( O M e) 4]  un der  mi l d c on di t i ons[ 1 10] ,[ 11 1] . T he a mm oni a t r i bor an e N H 3B 3H 7 p u bl i shed by Ko dam a[ 11 2]  i s a com pet i tor  to th e si mpl e a mmo ni a bora ne a s hy dro ge n stora ge m ater i al , a ndw as f ur th er exa mi ne d as hy dr og en stor ag e mater i al  b y Yo on i n th e ye ar  20 06[ 1 13] ,[ 11 4] . T he hy dro ge n co nte nt  of  t he c om pl ete mat er i al  i ncl udi n g w ater  a nd c atal yst  i s 6.1 w t  % .N a[ B 3H 8]  i s an other  c om po un d c ontai ni ng bor on w hi c h has be en ex ami n ed a s a p otent i al h ydr og en stor ag e mat er i al . Thi s h ydr i d e i s i n cont rast  t o N aBH 4 sol u bl e an d st a bl e i n w ater  an di n g catal yst  Co Cl 2 a nd d el i vers7 .5 w t  % H 2 ( i n 20 0 mi n) . But  t h e “of f -b oar d“ re ge nerat i o n d oes n ot  exi st  b y H aw thor ne a n d hi s w orki n g gro u p. T hes e are st a bl e , no nto xi c an d en vi ron ment al l ycom pat i bl e m ater i al s. The y el i mi nate hydr og en un der mi l d c on di t i ons i n w ater  w i thcat al yst s[ 11 7] . B ut  t he re ge ner at i on h as n ot  be en a cc ompl i sh ed 

yet .I o ni c Li q ui ds  

I oni c Li qui ds are of  hi gh c urre nt  i nt erest  d ue to th ei r  i nterest i n g ph ysi cal  pr op er t i es t hat  l ea d toa v ast  ser i es of  p ote nt i al  appl i cat i o ns . Th e I L` s mel t i ng p oi nt , vi sc osi t y, aci di t y, de nsi t y an d the el ect r i cal  co nd uct i vi t y as w el l  as t he sol u bi l i t y of  gase s vary . Th eref ore co nsi d era bl y de pe ndi n g on th e i on c om posi t i on , c omm on s ol ve nt s may be re pl ace d b y I oni c Li q ui ds . Ma ny sal t s, neut r al com p ou nds as w el l  as gases l i ke C O2 are s ol u bl e i n I Ls an d so , i nt er  al i a, I Ls are use d as sol v ent i n t ra nsi t i on met al  cat al ysi s[ 11 8]  or  or ga ni c synth eses w i th re mark abl e i mpr ov eme nt s[ 11 9] . I n t h eB A SI LTM proc ess t h ey f un ct i on as an a uxi l i ary i n aci d sca ven gi n g. I n e xt ract i ve di st i l l at i on theyar e em pl oye d as a n e nt rai ner . El ect r opl at i n g of  met al s[ 12 0]  i s don e w i th I Ls as an el ect r ol yt e[ 1 21] .6 By var i at i o n of  ani on a nd c at i on th e pr op ert i es of  the i o ni c l i qui d ca n be al tered . T hus a s ui t abl eI L m ay b e pr epar ed f or  al m ost  ev ery a ppl i cat i o n. Acc ordi ngl y m uch ef f or t  w as spe nt  tosy nth esi ze n ew  I oni c Li q ui ds w i th sp eci al  ph ysi cal  pro per t i es[ 12 1] . Am on g the k now n I oni c Li q ui ds , t h ose w i th b oran ate ( =  hy dr i do bor ate b ase d)  ani o ns ar e Th us, C . A . Re ed et  al . esta bl i she d the sy nth esi s of  I Ls w i th bor on r i ch car b oran e ani ons i n of  I oni cLi q ui ds w i th [ C B11H 6 Cl 6] – an d [ C B1 1H 6 Br6] – c ou nter  i on ( Fi g ure 1 a) . An I L of  a n al kyl -st a nn a-cl oso do de ca bor atew i th an i mi d azol i u m cat i on w a s de vel o pe d by L . W ese man n ( m. p . 55 ° C[ 12 3] , Fi gur e 1b) . Z hu et  al . rep orte d the sy nth esi s of  [ cl oso -C B1 1H 1 1] – sal t s w i th 1-p entyl pyr i di ni u m asth e cat i o n w hi ch h ad a mel t i ng p oi nt  of  1 9 °C[ 124]  ( Fi g ure 1 c) . I t  w as rep orted t hat  I Ls w i th the[ ni d o- C 2B9H 12] – ani o n p osses s co nsi der abl y re du ce d mel t i ng poi nt s , i f  comp are d tote mp eratur e I oni c Li q ui ds , w i th a l arge p ossi bl e c hoi c e of  cat i o ns ( ev en Li +  u nd H + [ 12 5] ;i o ni c l i qui ds[ 1 26] . Th e w orki n g gr ou p of  S hree ve al so pre pare d i oni c l i qui ds w i thSi nc e i t s i ncept i o n, t h ere h as b een t he tem ptat i o n to gi v e AI  an d ML i n creasi n gl y m ore a ge ncy . H ow e ver , t hi s sho ul d n ot  be th e g oal  f or  or ga ni zat i ons de pl oyi n g ML t oda y. D ue to al l  t he AI  i nci dent s w e ’re s eei n g, w e f i rml y bel i eve the t e ch nol ogy i sn ’t  mat ure e no ug h. I n st ea d, th e g oal  sh oul d be to m ak e sure h um ans ar e i n t he l o op of  ML- bas ed deci si o n maki ng . H um an i nv ol vem ent  i s i mper at i ve b eca use a n al l  t oo c omm on mi st a ke , as t he qu ote a bo ve hi g hl i ght s , i s f or  f i rms to assum e thei r  res po nsi bl e ML dut i es l i e sol el y i n tec hn ol o gi cal  i mpl eme ntat i o n. Thi s ch apt er  pres ent s m any of  the h uma n c onsi d erat i o ns that  c om pa ni es must  a d dress w h en bui l di n g out  th ei r  ML i nf rast ruct ure . We ’l l  st ar t  w i th orga ni zat i on al  cul t ure th en s hi f t  the di scus si on to how  pract i t i on ers an d co n sumers c an get  m ore i nv ol ved w i th th e i nner  w orki n gs of  ML syst ems . Th e ch apt er  cl oses by hi g hl i ght i n g so me rec ent  e xam pl es of  e mpl o yee act i vi sm an d dat a j our nal i sm rel at e d to the re sp onsi bl e pract i c e of  ML . A key t o t he successf ul  mi t i gat i on of ML  ri sks i s real  accountabi l i t y.  Ask yoursel f:  “Who t rac ks t he way ML  i s develo ped an d used 

at  my organi zat i o n? Wh o i s responsibl e for a udi t i ng our ML  syst ems ? Do we have AI i ncident  resp ons e pl ans?” For man y orga ni zat i ons t oda y,  t he answers may b e,  “no on e” and,  “n o. ” If no one’s j ob i s on t he l i ne whe n an ML  syst em fai l s or get s at t acked,  t hen i t ’s possibl e t hat  no one at  t hat  organi z at i on real l y cares ab out  ML  ri sks.  T hi s i s a primary reason that  many l eadin g fi nanci al  i nst i t ut i ons now em ploy chi ef mo del  ri sk offi cers.  Smal l er organi zat i o ns may n ot  be abl e t o spare an e nt i re ful l -t ime employee t o moni tor ML  mod el  ri sk.  St i l l ,  i t ’s essent i al  t o have an i ndividual  or gro up resp onsi bl e an d held acc ou ntabl e i f ML  syst ems mi sbeha ve.  In our exp eri ence,  i f an organi z at i on assum es ever yone i s acc ounta bl e for ML  ri sk and AI i ncident s,  t he real i t y i s t hat  no one i s accou ntabl e.  Do gf oo di ng i s a t erm from software engin eering t hat  refers t o an org ani zat i on usi ng i t s own software,  i . e. ,  “eat i ng your own do g food. ” In t he cont ext  of resp onsibl e ML ,  dogf oo ding bring s an addi t i on al  l ayer of alpha or pre al pha t est i ng t hat  i s oft en ne gl ect ed i n t he mad d ash t o profi t  from a percei v ed ML  gold rus h.  More import ant ly,  do gfoo ding ca n bring l egal  an d ri sk quest i o ns t o t he forefront .  If an organi zat i o n has de velop ed an ML  syst em that  op erat es i n a mann er t hat ,  say,  vi ol at es t hei r own privacy pol i ci es,  or i s meant  t o be dec ept ive or mani pul at i ve,  emplo yees en gagin g i n dogf oodi ng might  fi nd t hi s obj ect i o nabl e an d rai se con cerns.  Dogf oodin g can brin g t he Golde n R ule i nto ML :  i f you wouldn’t  use an ML  syst em o n yours el f,  you prob ably sh ould n ot  use i t  on others.  We’l l  di scuss diversi t y i n t he next  sect i o n,  but  i t ’s worth ment ioning here t hat  i f your t eam i s more divers e,  dogfo odin g i s more l i kely t o det ect  a wider vari ety of obj ect i on abl e (or pro bl emat i c) features.  T he not ion of effect i ve c hal l eng e was born o ut  of t he pract i ce of model  g over nanc e.  Whe n bui lding co mplex ML  syst ems,  effect i ve c hal l enge ro ug hly says t hat  on e of t he best  ways t o guar ant ee g ood res ul t s i s t o act i vely chal l enge an d quest i o n st eps i n t he ML  develo pment  pr ocess.  T here are more t ech nical  aspe ct s of effect i ve chal l en ge,  which wi l l  be addresse d i n C hapter 4.  St i l l ,  a cul t ure t hat  encourages seri o us que st i oning of ML  desig n choi c es wi l l  be more l i kely t o cat ch probl ems b efore t hey b al l oon into AI i ncident s.  Of course,  cul t ural  effect i ve c hal l enge c ann ot  be abusi ve,  and i t  must  apply t o ever yon e dev elopin g an ML  syst em,  even so- cal l ed “roc kst ar” en gineers an d dat a sci ent i st s.  In our exp eri ence,  cul t ural  effect i ve ch al l enge pr act i ces sho uld be st ructure d,  such as wee kly meet ings wher e al t ernat i ve desig n and implem entat i on c hoi ces are q uest i one d and di sc usse d.  the tec hn ol og y i sn’t  m ature en ou gh . I nst e ad , t he go al  sho ul d b e to ma ke sur e hu ma ns are i n t h e l oo p of  ML -b ase d d eci si on m ak i ng. H u ma n i nvol v eme nt  i s i mperat i ve bec aus e a n al l  t oo co mmo n mi stak e, a s t he q u ote ab ov e hi g hl i ght s , i s f or  f i rms to assum e thei r  resp o nsi bl e ML dut i es l i e sol el y i n t ec hn ol ogi c al  i mpl eme ntat i o n. T hi s ch apter  pres ent s ma ny of  t he h uma n co nsi d erat i o ns that  c om pani e s must  a ddr ess w h en b ui l di n g out  t h ei r  ML i nf rast ruct ure . 

We ’l l  st ar t  w i th organi zat i o nal  cul tur e the n shi f t  t he di sc ussi o n to h ow  pra ct i t i oners a nd c on sum ers ca n g et  more i n vol ve d w i th the i n ner  w orki ngs of  ML syst e ms. Th e cha pter  cl os es b y hi g hl i ght i n g som e rece nt  ex ampl e s of  em pl oy ee act i vi sm a nd data j o urn al i sm rel at ed t o the res po nsi bl e pract i ce of  ML. A key t o t he su ccessful  mi t i gat i on of ML  ri sks i s real  accounta bi l i t y.  Ask yoursel f:  “Who t rac ks t he way ML  i s develop ed an d used at  my or gani zat i o n? Wh o i s responsibl e for a udi t i ng our ML  syst ems ? Do we have AI i ncide nt  respons e pl ans?” For man y orga ni zat i ons t od ay,  t he answers may b e,  “no on e” and,  “n o. ” If no one’s j ob i s on t he l i ne whe n an ML  syst em fai l s or get s at t acked,  t hen i t ’s possibl e t hat  n o one at  t hat  organi z at i on real l y cares ab out  ML  ri sks.  T hi s i s a primary reason that  many l eadin g fi nanci al  i nst i t ut i ons now em ploy chi ef mo del  ri sk offi cers.  Smal l er organi z at i ons may n ot  be abl e t o spare an ent i re ful l -t ime employe e t o moni tor ML  model  ri sk.  St i l l ,  i t ’s essent i al  t o have an i ndivid ual  or grou p respo nsibl e and h eld acco unta bl e i f ML  syst ems mi sbehave.  In our e xperi en ce,  i f an organi zat i o n assumes e very one i s acco untabl e for ML  ri sk and AI i ncide nt s,  t he real i t y i s t hat  no one i s accountabl e.  Dogf ood i ng  i s a t erm from software engineeri ng t hat  refers t o an orga ni zat i on usin g i t s own software,  i . e. ,  “eat i ng your own dog fo od. ” In t he co nt ext  of respo nsibl e ML ,  dogfo odin g brings an a ddi t i onal  l ayer of alp ha or prealp ha t est i ng t hat  i s oft en negl ect e d i n t he mad das h t o profi t  from a percei ve d ML  gold rush.  More imp ort ant l y,  dogf oodin g can brin g l egal  and ri sk q uest i ons t o t he forefro nt .  If an organi zat i on h as devel ope d an ML  syst em that  operat es i n a ma nner t hat ,  say,  viol at es t hei r own privac y pol i ci es,  or i s meant  t o be dece pt ive or manip ul at i ve,  employe es eng aging i n d ogfo odin g might  fi nd t hi s obj ect i onabl e an d rai se conc erns.  Dogfo odin g can brin g t he Golden R ule i nto ML :  i f you would n’t  use an ML  syst em on yoursel f,  yo u prob ably sh ould not  us e i t  on others.  We’l l  di scuss diversi t y i n t he next  sect i o n,  but  i t ’s worth ment ioning here t hat  i f your t eam i s more divers e,  dogfo odin g i s more l i kely t o det ect  a wider vari ety of obj ect i ona bl e (or probl e mat i c) features.  T he not ion of effect i ve ch al l enge was b orn out  of t he pra ct i ce of model  g overn ance.  W hen b ui lding co mplex ML  syst ems,  effect i ve ch al l enge ro ughl y says t hat  one of t he b est  ways t o guara nt ee go od resul t s i s t o act i vely chal l en ge an d quest i on st e ps i n t he ML  develo pment  pro cess.  T here are more t ech nical  aspect s of effect i ve c hal l eng e,  which wi l l  be addressed i n C ha pter 4.  St i l l ,  a cul t ure t hat  encourages seri o us quest i o ning of ML  desig n choi c es wi l l  be more l i kely t o cat ch probl ems bef ore t hey b al l oon into AI i ncident s.  Of course,  cul t ural  effect i ve ch al l enge c annot  be a busive,  an d i t  must  apply t o every one d evel o ping an ML  syst em,  even so-cal l e d “rockst ar” e ngi ne ers and d at a sci ent i st s.  In our experi en ce, T he  t et r a hy dr ob or at e  a ni on  [ B H4] − wa s  f ir s t  m ent io ne d at  b y Sch les in ger  i n 193 9 . He  h eat e dt r im et hy la lu m i num  t o  8 0 ° C in  a n exc es s  of  di bor a ne[ 150] . Th e pr o duct  was  s u pp os ed  t o  b eA l B3 H12 .  

Subs equ ent  r es ult s  s h o we d t he  com pos it io n Al( BH 4) 3[ 1 51] . The  y ie ld ed  co m po un d w as  

dcr i bed  as  a  s ol id  t h at  s t ar t s  b ur n in g w it h  a  b lu e f lam e im m ed iat e ly  wh en  ex pos ed  t o  a ir . Ge ner a l ly , s ever al  s im i lar it i es  wit h di bor a ne  wer e  obs er ved:  e .g . Hy dr o lys is  l eads  t o  b or o ni cac id ,a lum in um hydr oxi de  a nd  hy dr o gen .  Fur t her  r e lat e dco m po un ds , e .g . , Be( BH 4) 2[ 1 52]  an dLi B H4[ 1 53]  wer e  s y nt hes iz ed  an d char act er iz e d.  In  19 43  t h er e wer e r e por t s  o n t he  s y nt hes is  of ( C H3) 2G aB H4[ 154] a nd  t hr ee  ye ar s  lat er  F in ho ld  p ub l is he d  t he  s y nt hes is  of  N a[ B H4]  wit hi n hi s  Ph Dt he s is [ 1 55] . Th e cr ys t al  s t r uct ur e  of  Na[ B H4]  was  s o lv ed  by  S ol dat e  in  t he  f o l lo w ing  y ear [ 1 56] .  Og gco nf ir m ed  t h is  s t r uct ur e w it h  1 1B- NM R s t ud ies [ 1 57] . Sch les in ger  i nves t igat ed  t h e hydr ol ys is  a nd hydr oge n r el eas e of  Na[ BH 4]  as  we l l as  it s  ab i lit ies  as  r e duc in g age nt [ 83] . [ BH 4] −  is  t h e s im pl es t  

bor o n hy dr i de  an d is oe lect r ic  t o m et h ane  a nd  [ N H 4] + an d als o t et r ah edr a l . Be( B H 4) 2 an dA l( B H4) 3 ar e m or e  c ova le nt  a nd  m or e  vo lat il e t ha n t he  al ka li  m et al  s a lt s . Sod i um  bor ohy dr i de  i s s o lu bl e in  s o di um  hy dr ox i de  s o lut io ns ,  T HF  a nd  G ly m e . It  is  us ed  as  a  hy dr i de  s o ur ce  a gent  inor gan ic  r e act i ons .  Th e E0  f or  [ B H4] −/ [ B( O H) 4] −  in  a lka li ne  e nv ir on m ent  is  −1 .2 4 V.  T her ef or e Na[ BH 4]  is  us e d f or  t he  cur r ent - l es s  de pos it ion  of  pr ot ect ive  m et al  c oat ings [ 158] . In  r ec ent  year s ,  b or o hydr id es  hav e r ega in ed  at t e nt i on  as  p os s ib le  ca nd idat es  f or  hydr oge ns t or age .  O n t he  d o wns id e,  Na[ B H4]  s h o ws  ne ar l y no  s o lu bi l it y in  c om m on  or g an ic  s o lve nt s , m ak in g it  les s  s uit a b le  f or  hom og eno us  r eact io ns . To  ov er co m e  t hi s  dis adv ant a ge  wes y nt he s iz ed  s ev er a l io ni c l iq ui ds c ont a in in g [ BH 4] − . Th is  s ynt h es is  is  de pi ct ed  in  t he  f o l lo w ing cha pt er . Go od  s ol ub il it y  i n or ga n ic  s ol vent s  a s  we l l as  s o lve nt  f r e e r eact io ns  due  t o  lo w  m e lt i ng po int s  was  m ade  p os s ib le . Som e of  t he  m e nt i one d s alt s  have  a lr e ady  b ee n pu bl is h ed , i .e . ,[ BM IM ] [ B H 4] [ 128] ,[ 1 26]  i n a cet o nit r i le;  [ C( N H2) 3] [ BH 4] [ 12 9] an d[ N( Bu) 4] [ BH 4] [ 159]  in  l iq ui d  am m on ia . One  y ear  af t er  our  f ir s t  pub l icat io n[ 16 0] ,  i n 20 13a n Au s t r ia n com pan y,  Pr oi on ic , pu bl is hed  a pat e nt  f or  t he  m et a l  f r ee  s y nt hes is  of  t et r a hydr ob or at e  i on ic  l iq ui ds  t hat  i s  c ur r ent ly  p er f or m e d in  Gr az  in  1 00  kg  s c al e[ 13 1] .  Our  i nde pe nd ent  pat h way  was  a  m et at hes is  r eact io n  wit h  Na[ BH 4]  t o obt ai n t he  de s ir ed  pr o duct s .  F ir s t  exp er i m ent s  wer e c on duct ed  i n s ever al  or gan ic  s o lv ent s , in  w hic h [ Cat ] +[ B H 4] – is  s o lu bl eb ut  Na X an d Na BH 4  ar e  i ns o lu b le . Ho w ever ,  af t er  a  r eact io n t im e of  e ig ht  ho ur s  w it h  var i ous c at i ons  i n Et 2 O an d TH F,  n o 11 B- N M R  s ign al  was  o bs er v ed . N ext ,  C H 2C l2  was  us ed  wit h [ BM P] Cl as  c at i on  s o ur ce .  To  im pr ove  t h e s ol ub i lit y ,  t he  r e act i on  m ixt ur e w as  pl ace d in  a n ult r as o nic  

bat h  an d  af t er  24  h  [ B H4] – s ig na ls  w er e  ob s er ve d  ( 1H- ,  11 B- NM R) .  H o wev er ,  t h e NM R- i nt egr at i ons ho we d cat i on- exces s :  [ BM P] +: [ B H4] –  =  1 . 0: 0. 6.  M or e  Na[ B H4]  was  ad de d,  t o  s hif t  t he equ i li br i um  t o  t he  B IL  s ide .  Af t er  a not her  ho ur  i n t h e u lt r as o ni c  bat h ,  an  NM R s pect r u m  s ho w eda n in cr eas in g am o unt  of  s o lu bl e [ BH 4] – , but  s t i l l no  f u ll  co nver s i on . The  pr oce dur e w as r ep eat e d,  unt il  t h e a m o unt  of  t he  [ B H4] –  in  t he  NM R s am p les  r em ai ne d c ons t ant  ( 77 .5  %;  i .e .ha l ide  c ont e nt  22 .5  %) . W e  t h en  t ur n ed  t o  i nor g an ic  s o lve nt s :  W at er  at  a  p H lar ger  t ha n 12  is  k no wn  t o  b eco m pat ib le w it h  d is s ol ved  [ B H4] –.  T hus ,  C H2 Cl 2 wa s  a dd ed  t o  t he  bas ic  aq ueo us  r eact io n m ixt ur e  of  N a[ B H4] a nd  [ Cat ] X,  t o  q uic kl y ext r act  t he  io nic  li qu id . Af t er  r em ova l  of  t he  vo lat i les  of  t he  C H2 C l2 ph as e ,a  wh it e  p o wder  of  m a in ly  C at [ B H4]  r em a in ed .  H o wev er ,  t h e 1H- NM R- i nt egr at i on  s h o wed  cat io nex ces s ,e .g .[ B M P] +: [ B H4] – = 1. 00: 0 .8 2.  Qu al it at ive  a nal ys is  s ho we d t he  pr e s en ce  of  con s i der a bl eha l id e im p ur it ies  ( A gX  f or m at i on) . F ur t h er  s y nt h es es  s h o wed  t y pic al  h al i de co nt ent s  of  1 8 t o25  % ( e. g. ,  [ EM M I M ] + an d [ Pr op M P ip] + .  M a xim um  [ B H4] –  c ont e nt :  8 2 %) .Af t er  s ever a l  f ut il e at t em pt s  t o  o pt im iz e t he  aq ue ous  r o ut e,  we  f o un d t hat  N a[ B H4]  is  r ea di lys o lub le  in  l iq ui d  am m on ia  ( N H3( l) )  at  2 00  K . Af t er  a dd it i on  of d ic hl or om et ha ne  s o lut io n of [ Cat ] + X–  t o  a n am m o ni a s o lut ion  of  Na[ B H4]  a nd  r em ova l of  t he  N H 3 s ol vent  p ar t ,  p ur e[ C at +] [ B H4] – s alt s  wer e  is o lat e d ( eq uat i on  1 ,  cor r e ct  el em e nt al  a na lys es ) ,  of  w h ich  o nl y ( 1)  wit ha  m .p . of  80  ° C  q ual if ied  as  a  t r u e IL .  I n 200 8 W a ng et  al .[ 1 28]  r ep or t ed  t h e s ynt h es is  of  [ B M IM ] [ B H4]  i n acet o n it r i le  as  a  s o lve nt .  W e wer e not  ab le  t o  r e pr od uce  t h is  l it er at ur e  pr oce dur e:  af t er  2 4 h s t ir r i ng , on ly  a  p ar t  of  Na[ B H4] w as  dis s o lve d,  in  co nt r as t  t o t he  co m p let e ly  d is s o lv ed  cat io n s our c e [ BM IM ] + Br – . An  int e gr at ion of  t he  s i gna ls  i n t he  1 H- N M R  s p ect r um  led  t o  t h e c on cl us i on  t hat  6 0 %  m or e  [ BM IM ] + t h an BH 4] −  ha d be en  d is s o lv ed . Pr o bab ly  t h e r eacƟ on  is  a t w o- ph as e  ch em ica l eq ui li br i um  –  s i m i lar t o  t h e on e obs er ve d by  us  i n w at er  an d CH 2C l2  –  t h at  a ct s  as  a s our c e of  [ B H 4] – in  a cet o nit r il e .Th is  p has e  t r a ns f er  cat a lys is  cou ld  e xp la in  t he  s ucces s f ul  or gan ic  r ea ct i ons  s ket che d in  t h ep ub li cat i on[ 128] . But  t h is  m i xt ur e  is  by  no  m eans  t h e r ep or t ed  p ur e  I L :  C H3 C N is  ne ed ed  f or  t hes t ab il iz at io n of  t he  an io n  an d c at i on:  D ur i ng  t he  r e m ov al  of  t he  s olv ent , [ BH 4] –  r eact s im m ed iat ely  w it h  t he  ac id ic  C- 2 pr ot o n of  t he  cat io n t o giv e a c ar b ene- a dd uct [ 1 62]  L- B H3( L  =  r es p ect i ve  car ben e)  w it h  co nco m it ant  f or m at io n of  H2 ,  f ol l o wed  b y r at her  co m p lexs ubs eq uent  r e act i ons .  Acc or d in g t o our  i nves t ig at i ons , ever y IL - cat io n w it h  a  g ent ly ac id icpr ot on ,  e .g . [ BM IM ] +  or  [ HM IM ] +  cat io ns ,  r e act s  w it h  t h e [ BH 4] –  bas e . E ve n t h e [ BPy] + c at i on get s  at t ack ed  by  [ B H 4] – f or m in g BH 3- ad duct s  of  n eut r a l  t et r a hydr opyr id in e But yl- NC 5H 8 ( s ee NM Rs  and  as s ig nm e nt  i n exp er im ent a l  s ect io n 3. 1. 5) .  T hus ,  as  im por t a nt  as  pr ev ent in gi ncor por at io n of  an  ac id ic  cat io n int o a [ B H 4] –- IL ,  is  t o  a vo id  a  cat io n w hic h can  e as i ly  b er ed uce d . The  [ B M I M ] + s our ce  us e d i n t he  l it er at ur e[ 9]  was  a  br o m i de . Th is  is  pr ob lem at ic ,b eca us e  t h e s ol ub il it y  

of  t h e in  s it u  f or m e d  N aBr  by- pr o duct  an d  t he  s o lu b il it y  of  N a[ B H4]  ar ec om p ar ab le  a nd  t h e eq ui li br i um  is  n ot  com pl et e ly  s h if t ed  t o  t h e pr od uct  s i de . Si nce  Na[ B H 4]  is we ll  s o lu b le  i n neat  a nd  l iq u id  N H3  at  2 00  K  b ut  not  i n C H2C l2 ,  l iq u id  N H3  is  t he  b es t  s ol vent  f or t he  m et at hes is  an d C H2C l2  t h e bes t  f or  t he ext r act io n.  T he  us e of  [ Cat ] +  as  a  ch lor id e s alt  is r ec om m e nd ed , s im pl y beca us e  t h e f or m e d Na Cl  is  les s  s ol ub le  i n d ich lor om et han e t han  Na Br ,s pec ia l ly gi ven  t h e ear li er  pr es e nce  of  NH 3 t hat  m ay  lea d t o m et as t ab le  an d s o lub le  W e  pr e par ed  d iff er e nt  Io nic  L iq ui ds  w it h  [ B H 4] − an io n.  T he  s a lt s  [ BM P] [ BH 4] ,  [ B M M IM ] [ B H4]  a nd[ Pr opM Pi p] [ B H4]  co ul d be  f or m ed  wit ho ut  ha li de  im pur it i es  f r om  a  s o lut io n m ixt ur e  of NH 3( l iq ui d) / C H2 Cl 2.  T he  Ion ic  L iqu i ds  ar e  s o lu bl e in  we akl y po lar  s o lve nt s  l ike  d ic hl or om et ha ne .T he  I on ic  L iqu id  dis s oc iat es  in  t w o  d if f er ent  wa ys .  T he  f ir s t  o ne  is  t h e dis s oc iat io n of  o ne  a ni on  

and  o ne  cat io n pa ir  t o giv e a s in gl e an io n an d a  s in gl e c at i on . Th e s eco nd  way  is  w her e  t wo pa ir s  of  an io n a nd  cat io n  d is s oc iat e t o g iv e on e s in gl e c at i on  a nd  o ne  pa ir  of  on e c at i on  a nd  t wo  

ani on ,  or  v ice  ver s a.  T his  was  c onc lu de d f r o m  c on duct iv it y  m ea s ur e m ent s  of  a  s er ia l di l ut i on  of [ B M P] [ B H4]  i n C H2 Cl 2 a na lyz ed  wit h t he  Fu os s  Kr a us  The or y . Th e Io ni c  L iq u ids  wit h [ BH 4] −  an io n  

ar e als o go od  r ed uc ing  a gent s  in  or g an ic  r eact io ns . For  t he  s t er eo  s e lect ive  r e duct io n  of 2 −hy dr ox y Ket o nes  t o  f or m  s y n-  a nd  a nt i- Di o ls ,  t h e Io ni c  L iq u id  [ BM P] [ B H4]  w as  t es t e d[ 16 3] .  T her e act i on  was  co m par ed  wit h Na B H4  as  r ed uc ing  a gent .  Th e us e  of  Ion ic  L iq ui d ins t ead  of Na[ BH 4]  le ads  t o  ver y hi gh  y ie lds  an d  i n s om e  cas es  t he  s t er eo  s e lect iv it y w as  eve n bet t er . M or e over ,  t he  g oo d s ol ub i lit y  of  t h e Io ni c  L iq u id  i n CH 2C l2  s im p l if ie d t he  r ea ct i on . s t ab le  b or a ne[ 2 18] ,[ 219] at  t hat  t im e.  T he  po s it io ns  of  t en  bor on  at om s  an d f our  hy dr o gen  at om s wer e det er m i ned;  t he  pos it i on  of  t he  r e m ai n ing  t e n hydr oge n  at om s  was  e s t im at ed .  B 10 H14 cr ys t a ll iz e s  w it h  C 2v s ym m et r y.  T he  b as ic  s t r u ct ur e  is  an  oct a dec ah edr o n . The  b or o n at om s  ar eon  t h e ver t ices  of  t he  p o lyh edr o n , one  v er t ex  is  e m pt y .  Th e pr e par at io n of  hi gher  b or a nes d ep end ed  o n t he  pr epar at i on  of  d ib or an e w it h  h ig h yi el ds  an d pur it y.  S ch les ing er  an d his co wor ker s  dev el op ed  ne w  pr ep ar at i on  m et ho ds . T he  f ir s t  was  t h e r ed uct i on  of  b or ont r ic hl or i de w it h  hy dr og en[ 2 20] . Th e y ie l d of  d i bor a ne  i n t his  r e act i on  was  5 5 % .  A not her  pr e par at io n of  B2 H6 w as  t he  hy dr og en at i on  of  bor onf lu or i des  wit h L i H . T he  y ie ld  of  t h is  r eact io n w as  near ly  

100  %[ 22 1] .  C lar ke  an d Pea s e  d id  ex per im e nt s  t o un der s t a nd  t he  k in et i cs  of  t h e pyr oly s is  of  B 2H 6i n 19 51 . The  pyr o lys is  w as  des cr i bed  as  a  f o ur  s t ep  r ea ct i on  eq uat io n w it h  t h e pr od uct B 4 H10[ 222] .  Br a gg , M cC ar t y and  Nor t on  a ls o  ex am ine d t he  k inet ics  of  t he  pyr o lys is  an d des cr ib edt he  r eact io n w it h  a n eq uat ion .  I n  t h is  r eact ion ,  B 5H 9,  B5 H11  a nd  h ig her  b or an es [ 22 3]  w er epr epar ed .  O ne  ye ar  lat er ,  t h e s t r uct ur e  of  B 5 H9  was  pu bl is hed  by D ulm age[ 224] .  B4 H1 0  has  a  lo wm elƟ ng  po int  ( −1 20  ° C) . T he  cr ys t al  s t r uct ur e  was  p ub lis he d in  1 95 3[ 22 5] ,  whe n  m et h ods  wer ekn o wn  h o w t o car r y  o ut  m eas ur em e nt s  at  lo w  t em per at ur es [ 226] . Th e s t r uct ur e  is  an  oct ahe dr o n wit h bor on  at o m s  at  t he  ver t ices .  T wo  v er t ic es  ar e  not  o ccu pi ed . St ar t i ng  f r om  B 10 H1 4,  Sc ha ef f er w as  ab le  t o  pr epar e t hec om p ou nd B10 H 12 ∙2C H 3C N.  It  w as  ana lyz ed  wit h el em e nt a l ana lys is  an d IR  s p ect r os c opy[ 227] .  Th e cr ys t a l s t r uct ur e of  t h is  co m po un d was  s olv ed  b y L ips com b an dRe dd y[ 22 8] .  [ B1 0 H12] 2−  is  lik e B1 0H 14  a n okt a deca he dr o n.  T he  b or on  at om s  ar e  p lac ed  at  t he ver t ices  ex cept  f or  o ne  ver t e x w hi ch  is  n ot  occ up ied .  T his  was  t h e f ir s t  r oom  t em per at ur e  a nda ir  s t ab le  b or o n c om pou nd .  W hen  [ B 10 H1 2] 2−  was t r e at ed  w it h  ba s es , a ne w  b or on  c om p ou nd[ B 10 H1 0] 2−  was  f or m ed  [ 22 9] .  T hr ee  y ear s  l at er ,  t h e cr ys t a l s t r uct ur e of  t he  co pper  s a lt  of  [ B1 0H 10] 2 − was  p ub lis he d[ 23 0] . In  1 960  t h e bor ane  w it h  12  b or o n at om s  [ B 12 H1 2] 2−  was  i s o lat e d and  a na lyz ed[ 2 31] . T he  ex is t e nce of  t his  c om p ou nd  ha d  be en  pr ed ict e d f ive  ye ar s  bef or e[ 23 2] .  T he  ge om et r y of  t his  b or o n c lu s t er is  bas e d on  t h e ico s ah edr on  s t r uct ur e . Ever y  v er t ex  is  o ccu pi ed  by  a  b or o n at om .  A  n e wm et h od  of  pr epar at i on  wit h bet t er  y ie lds  a nd  p ur it ies  wer e pub l is h ed  by  E l lis ,  G ai nes  u ndS cha eff er  in  1 96 3[ 23 3]  a nd  b y M i ll er ,  M i ll er  an d M ueƩ er Ɵes [ 234] .  Th e laƩ er  pr ep ar ed  [ B 12 H1 2] 2− w it h  d ib or an e or  [ B3 H8] −  as  s t ar Ɵ ng  m at er i als  a nd  m et al  b or o n hydr i de . The  m et ho d dev el op ed by  El l is  is  a  r ea cƟ on  of  d ibor an e w it h  Na[ B H4]  f or m in g [ B3 H8] −  as  a n int er m e di at e . T he  n ext  s t ep is  pr o ba bl y a  dis pr o por Ɵ on aƟ on  of  oct ahy dr ot r ibor at e  t o  f or m  B 5H 9 an d [ BH 4] − . The  r e acƟ on  of t h es e  b or o n c l us t er s  r es u lt s  i n t he  f or m aƟ o n of  [ B1 2H 12] 2 −[ 22 b]  or  t he  d is pr opor Ɵ o naƟ o n of [ B3 H8] − t o f or m  [ B12 H1 2] −  an d  [ B H4] −[ 2 35] .  alr ea dy f or m e d [ B3 H8] −  t o  g ive  [ B 9 H14] − a nd  H2 .W hy  do es  it  de pe nd  o n t he  cat io n,  wh et her  h ig her  b or an es  ar e  f or m ed  or  n ot ? W e  ca n obs er vet he  f or m at io n of  di bor ane  af t er  t wo  d ays  i n t he  u lt r as on ic  bat h in  t h e gas  ph as e . But  t h e s ig na lof  [ B2 H7] − in  t h e 11 B- N M R  s p ect r um  ar os e  af t er  2 4 hour s  in  t h e ult r a s on ic  b at h . So  we  as s u m e  

t hat  B2 H6  i s  f or m ed  o ut  of  [ B2 H7] − .  M a ybe  t h e [ B2 H7] − a n ion  is  s t ab il iz e d  by  t h e c aƟ on . It  is pos s i bl e t h at  [ B2 H7] −  f or m s  c ont a ct  io n pa ir s  w it h  t h e c aƟ on  [ B M M IM ] + . Th is  wou l d r e du ce  t hef or m aƟ on  of  d ib or a ne . An d w it h  les s  d ib or an e t he  f or m aƟ on  of  [ B9 H1 4] −  is  pr eve nt e d.  A not her p os s ib il it y  i s  t hat  t he  m et hy l gr ou p in  [ B M M IM ] +  c ou ld  b e depr ot o nat e d at  t he  C- 2  p os it io nb et wee n t he  n it r og en  at om s . A s or t  of  c ar b ene  int er m ed iat e c ou ld  b e f or m e d.  In dic at i ons  f or t h e de pr ot o nat io n ar e  t he  H/ D  e xcha ng e des cr ib ed  i n cha pt er  3 .2 . Th is  car b en e c ou ld  f or m  BH 3ad duct s .  T his  wo ul d le ad  t o  l o wer  am ou nt s  of  di bor a ne  a nd  n o or  les s  p os s ib il it ies  t o  f or m [ B 9 H14] − w it h  [ B3 H 8] −.  T he  f or m aƟ on  of  B 5H 9 l ike w is e  d epe nds  o n  t he  caƟ o n t hat  was  us ed . AŌ er t h e r eact io n m ixt ur e  N a[ B H4]  an d [ NB u4] Br  w er e s o lve d in  C H 2C l2  an d  p lace d  i n t he  u lt r as o ni cbat h f or  f ive  d ays , t he  s i gna ls  of  B 5H 9 c ou ld  b e obs er ve d w it h  lo w  i n t ens it y in  t h e 11 B- N M Rs pect r u m  at  − 13 .4  p pm  an d −5 3. 3 ppm  . W h en  t he  c aƟ on  was  [ BM M I M ] + , no  r es ona nce  of  B 5H 9co ul d  be  o bs er ved .  It  was  p ub li s he d t hat  [ B3 H8] − dec om p os es  at  8 0 ° C[ 22 d] .  In  t he  u lt r as on ic  bat ht h es e  t em p er at ur es  co ul d be  r ea che d in  s om e  p lac es . It  is  p os s i bl e t hat  t he  o ct ah ydr ot r ib or at e cou l d dec om p os e  t o  f or m  B 5H 9 an d [ BH 4] − . But  B 5H 9 is  a ls o  f or m ed  dur i ng t he  pyr o lys i s  of d ibor an e ( m ent ion ed  i n  t h is  int r od uct i on) . So  t he  f or m at i on  of  B 5H 9 cou ld  dep en d li ke w is e  o nt he  f or m at i on  of  d ib or an e .I n t he  11 B- NM R  s pect r u m  of  t h e r eact io n w it h  [ N( Bu) 4] Cl  a nd  Na[ B H4]  in  C H2 Cl 2 t her e  ar e t hr ee ot her  dou bl et s , if  t he  r eact io n m i xt ur e  was  p lac ed  i n t he  u lt r as on ic  bat h f or  s ix  da ys .  In  t h e11 B− CO SY  s p ect r um  t h e s ig na ls  at  +6 .7  p pm ,  − 4 .9  pp m  and  − 35 .3  p pm  s h o w cr os s p eaks  t o  o ne anot her . W e  c ou ld  n ot  as s ig n  t hes e s ig na ls  t o a bor on  co m po un d ( F ig ur e  3 0) .  at  4 .0 7 ppm  s h o ws  a  cr os s pea k t o t h e car b on  s i gn al  at  12 0. 9  pp m  ( r ing  A and  C)  in  t he  lo ngr a nge  cor r el at i on  ex per im e nt .  In  t he  1 H- NM R acc ide nt l y t w o of  t h em  ha ve  t he  s a m e  ch em i cal s h if t .  T hes e  s ign als  ar e t he  r es o na nces  of  C H2  gr ou ps  of  t he  but yl  c hai n  at  t he  s ec on d nit r oge nat o m  in  t h e im id az o li um  r i ng . So  t he  b as i c  s t r uct ur e  of  t h e im id az o li um  r i ng  has  not  be enat t acke d . Al l  t he  t hr ee  s i gna ls  of  t he  m et hy l gr o ups  at  3 .81  ppm  ( A) , 3. 92  p pm  ( B)  an d 3. 82  p pm ( C)  s ho w  cr os s p eaks  t o  s o m e  ot h er  13 C s ig na ls  in  t h e lo ng  r a nge  ex per im e nt ,  t h e s ig na l of  t hem et hy l gr o up  of  im id az o l ium  ( A)  t o  1 43 .6  p pm ,  t h e s ig na l of  t he  m et hyl  gr ou p of  im ida z o li um ( B)  t o  14 5 .0  pp m  and  t h e s ig na l of  t he  m et hy l gr ou p of  im ida z o li um  ( C)  t o 147 . 4 ppm .  Th is quat er nar y  c ar bo n  at om  is  t he  o ne  bet w een  t h e t w o nit r oge n  at om s .  S o t h e im id az o l ium  r i ng  is com pl et e , but  o nly  t h e qu at er n ar y  car b on  at om  at  143 . 6 ppm  ( r i ng  A)  s h o ws  r es o nan ce  i n t he1 3C ,1 H  l ong  r a nge  c or r el at i on  t o  a  s i ng let  i n t he  pr ot on  NM R at  2. 67  pp m .  T he  pr ot on  s ig nal  at  

2.6 7 pp m  s ho ws  a  1J ( 1 3C ,1 H)  cr os s peak  at  9 .9  ppm  i n t he  1 3C  N M R  s p ect r u m .  Int e gr at i on  of  t h es i gna l  of  t he  m et hy l gr ou p at  3. 81  p pm  an d t he  s i gna l  at  2 .67  ppm  r es ult s  in  a  r at i o of  3: 3 . S o  

t his  s i ng let  at  2 .67  p pm  b el ongs  t o  t h e m et h yl  gr oup  c on nect e d t o t he  car bo n at om  b et w ee nt he  t wo  n it r o gen  at om s  i n t he  im i daz o l ium  r ing .  R ing  A is  t he  c om p let ely  u nch an ged  [ B M M IM ] +c at i on .  R ing  ( B)  a nd  ( C)  w er e  at t ac ked  at  t h e m et hy l  gr o up  i n  po s it io n C- 2  bet w een  t h e t w on it r og en  at om s . W e  wer e  n ot  ab le  t o  i de nt if y  t h e s ubs t it ue nt  at  t his  p os it i on  f or  r i ng  ( B)  an d( C) .  It  is  def in it e ly  n o CH 2 gr o up  or  an y ot her  gr ou p c ont ai ni ng  a  hy dr og en  at o m .  An int er m ed iat e m us t  hav e be en  f or m ed  whe n [ B3 H8] −  r e act e d w it h  [ B H4] − a nd  in  s it u gen er at e d H2 . Th is  int er m e di at e  m us t  at t ac k t he  i m i daz o l ium  r ing  at  t h e m et hy l  gr o up  i n C- 2  p os it io n .Be al  wr ot e in  a n ar Ɵc le  a bo ut  t he  f or m aƟ o n of  t he  an io n  [ B2 H6] 2− . Th is  m o lec ul e c ou ld  b epr od uce d w it h  B 2H 6 an d Pot as s i um / Nap ht ha le ne[ 186] . St ock  pub l is h ed  t he  pr ep ar at i on  of K2( B 2H 6)  f or m e d by t he  r ea ct i on  of  s o di um am al gam  a nd  d ib or an e[ 17 1] ,  pr ecis e exa m i nat i ons wer e do ne  l at er . T he y f o un d t hat  t he  pr od uct  w as  not  K 2( B2 H6)  b ut  a m ixt ur e  of  K[ B H4]  a nd  

K[ B3 H8] [ 1 73]  ( int r od uct i on  c hapt er  3. 2) .  Hou gh  co ns ider ed  K 2( B2 H6)  t o  b e bu ilt  as  a n int er m e di at e in  t he  f ir s t  s t e p of  t he  pr epar aƟ on  of  [ B H4] −  a nd  [ B3 H8] −[ 17 3] .  T he  ad diƟ o n  of  B2 H6  t o  K 2( B 2H 6)  

lea ds  t o K( B 2H 6) ,  wh ich  degr ades  int o  [ B H 4] − an d [ B3 H8] −  b y a dd in g of  on e m or e  d ib or an em o le cu le . As  we  r ep or t e d in  t h e int r od uct i on  of  ch apt er  3 .2 ,  q uant um  che m ic al  c alc ul at i ons  of  

oct ah ydr ot r ib or at e  lea ds  t o a s ad dl e po int  s t r uct ur e  of  [ B3 H8] − w hic h  ex pla i ns  t he  r ot aƟ o n of t he  H- at om s [ 176] .  At  t h is  po int ,  t he  r ing  s t r u ct ur e  i s  ope n . An d t he  r i ng  ca n be  at t ack ed .  O ne  of our  aƩ em pt s  t o f or m  [ B H4] −  was  t he  hydr oge naƟ on  of  t h e [ B3 H8] − .  T he  [ BM M I M ] [ B3 H8]  s a lt  w as d il ut e d in  C H2 C l2  an d Na H  was  a dde d . It  is  co nce iva b le  t hat  t wo  hy dr i des  aƩ a ck t he  [ B 3H 8] − t o  Th e r eas on  f or  t he  s m a l lam ou nt s  of  [ B H 4] − is  p os s i bl y t he  p oor  s o lu bi l it y of  Na H  i n t he  s o lve nt .I n or der  t o  incr eas e  t h e yi el ds ,  0 . 1 m l  15- cr o wn- 5- et her  was  g iv en  t o  t he  r e act i on . I n t his  way , not  on ly  t h e s ol ub i lit y  of  Na H but  a ls o  of  t h e pr od uct  [ B H4] −  c ou ld  be  im pr ove d . On e m o le[ B M M IM ] [ B 3H 8]  s ho ul d r eact  t o  o ne  m o le  [ B M M IM ] +  a nd  3  m o le  [ B H4] −.  T he  [ BM M I M ] [ B H4] Ion ic  L iq ui d is  s o lu bl e in  d ic hl or om et ha ne ,  but  t h e ot her  t wo  m ol e [ BH 4] −  s h ou ld  n ot  be  s o lu bl ei n CH 2C l2 .  W e  di d not  dr y  t h e cr o wn  et her , s o t his  t im e  n o ad dit i ona l w at er  was  g ive n t o t her e act i on . Th e 11 B- N M R  s p ect r um  s h o ws  s ig na ls  of  [ B H4] −  wit h s l ight ly  m or e int ens it y  t ha nb ef or e .  Th e r aƟ o of  t he  i nt egr a ls  of  t he  r es on anc es  of  [ B3 H8] −  t o  [ B H4] − is  3 .00 0: 0 .01 4.  T o s h iŌ t he  e qu il ibr iu m  t o t he  pr o duct  s id e,  t h e r eact ion  was  h eat e d . But  at  h igh er  t em p er at ur es  t heh ydr id e r eact e d w it h  t h e c at i on  i ns t e ad  of  t he  a ni on .  W h en  m or e cr o wn  et her  was  g ive n t o t her e act i on ,  t he  cat io n  w as  at t ack ed  d ir ect ly . I n t he  pr ot on  NM R s pect r um  t her e  ar e t hr ee  s ing let s at  3. 71  p pm , 3. 80  p pm  an d one  w it h  l es s  int ens it y  at  3 .83  ppm . Th er e  ar e  m u lt ip let s  i n t he 1H −N M R  s p ect r um  at  3 .9 5 pp m ,  4 .0 7 ppm  a nd  o ne  wit h les s  int e ns it y at  4. 12  p pm . T h is  is  t he  

chem ica l  s h if t  f or  C Hx  gr ou ps  bo und  t o  het er o at om s  ( n it r og en) . In  f act  t h er e  is  o nl y on e s in gl et l ef t  at  2 .5 1 ppm ,  wh ich  n or m a l ly be lo ngs  t o  t he  m et hy l  gr o up  at t ac he d t o t he  car bon  at om  

bet wee n t he  n it r o gen  at om s . As  bef or e  t he  im i daz ol iu m  c at i on  was  at t ac ked  at  t h is  p os it io n( s pe ct r um  s e e exp er im ent a l  s ect io n) .  T o over c om e  t h es e  pr ob lem s ,  N a H was  r e p lace d by  

L i[ B( Et ) 3] H . A  pu b lic aƟ on  de s cr i bes  t h e s ucces s f ul  hydr oge naƟ on  of  B5 H9  t o  f or m  [ B5 H 11] 2 − or [ B5 H8] − and  H2 . Th e us e d hydr id e w as  Na[ B( Et ) 3 H] [ 24 3] .  In  T HF  or  D M E  t he  [ B 5H 11] 2 − an io nde com pos es  int o [ BH 4] − , [ B3 H8] −  a nd  s o m e  ot h er  not  i de nƟfi ed  pr od uct s , in  s m al l qu anƟ Ɵ es . L i[ B( Et ) 3 H]  c ou ld  hy dr o gen at e  [ B3 H8] − an d w it h  t he  a dd iƟ on  of  H2 O ( ha lf  t h e eq ui va lent  of  t h ehy dr i de)  H 2 c ou ld  b e f or m e d.  T hi s  m ay  l ead  t o  t h e f or m at ion  of  [ B H4] −.  T he  at t ac k of  t he  hy dr i deat  t h e c at i on  i s  s t er ic al ly  h in der e d . Af t er  t he  a dd it i on  of  t he  h ydr ide  t o  t h e C H2 Cl 2 s ol ut i on  of [ B M M IM ] [ B 3H 8]  an d H2 O , gas  em is s io n c ou ld  b e obs er ve d.  In  t h e 11B- NM R  s pe ct r um  t her e is on ly  t he  s ign al  of  [ B 3H 8] − an d B( Et ) 3  at  −1 6. 5 pp m .  T he  hy dr i de  f or m ed  H 2,  but  t her e wa s  noaƩ ack  on  t h e [ B3 H8] − .L iq ui d  am m on ia  was  t es t e d as  a s o lve nt .  W e t r ie d a beƩ er  y ie ld  of  [ B H4] −  wit h l iq ui d am m o n iaas  s o lv ent , bec aus e Na[ BH 4]  is  s o lu bl e in  NH 3( l) [ 12 9] .  T he  hy dr og en at i on  ag ent  N aH  was  p ut  i n aflas k,  NH 3 w as  con de ns e d ont o  ( − 35  ° C)  an d [ BM M IM ] [ B3 H8]  i n C H2C l2  was  p our ed  t o  t he am m on ia . Na H  r ea ct ed  ex ot h er m i ca lly  w it h  N H 3 t o f or m  hydr oge n[ 44] .  Th e hy dr i de  is  a  b as e  i nl iq u id  am m on ia  d ue  t o  t he  f or m at i on  of  Na NH 2[ 22c] .  T his  c ou ld  be  a  p os s ib le  hy dr o gen  s our ce[ 44] ,[ 19]  f or  t he  o xi daƟ on  of  [ B 3H 8] − . But  wit hi n a f e wm i nut es ,  t h e r eact io n m ixt ur e  t ur n ed  br ig ht  y el lo w .  N M R  s t u di es  co nf ir m ed  t hat  t h e c at i on  is  

not  s t ab le  u nd er  t h es e  c ond it ion s .  NH 2−  is  a  s t r o ng  b as e , c an  r ea ct  w it h  t he  im idaz o li um  cat i on an d depr ot o nat es  it .  T he  pr ot ons  in  P os it io n 4 or  5 ar e  ac id ic . But  t he  deut er i um  exc han ge( c hapt er  3. 2)  a ls opr o ves  t hat  t h e pr ot ons  o n t he  m et h yl  gr ou p c an  b e at t acke d . The  1 H- NM Rs pe ct r um  s h o ws  t w o s in gl et ’s ,  at  3 .8 5 ppm  a nd  3 .9 7 ppm ,  an d t w o m u lt i pl et s  at  4 . 09  pp m  and 4 .25  p pm . But  t h er e  is  o nl y on e s in gl et  at  2 .6 6  pp m .  It  lo oks  l ike  t h er e  ar e  t wo  d if f er e nt i m i daz ol ium  bas ic  s t r uct ur es .  But  t her e is  on ly  o ne  m et hy l gr ou p at  2. 66  p pm  at  t he  car bon at om  b et wee n t he  t wo  n it r o gen  at om s  at  C- 2  l ef t .  It is  m os t  lik el y t he  N H 2−  at t ack ed  t h eim i daz o l ium  r ing  at  t h is  pos it ion  ( s p ect r um  s ee  ex per im e nt al  s e ct i on) . A r eact io n accor di ng  t o equ at i on  2 3 pr ov ed  n ot  t o be  pr act ic al . If  t he  h ydr id e is  s o lu bl e,  it  wo ul d  at t ack  t h e cat i on ,  n ot t he  a ni on . Th e s ig na ls  of  [ BH 4] − al w ays  ha ve  l es s  int ens it y  aŌ er  o ne  da y.  And  aŌ er  a  f e w  m or ed ays  t he  r es on anc e v an is h ed  co m p let e ly .  Th is  co nf ir m s  t h at  [ BH 4] −  r eact s  w it h  wat er , w hi ch  ha dn ot  r eact e d w it h  t h e hy dr i de , t o giv e [ B( O H) 4] −. But  t her e is  a ls o  t h e pos s ib i lit y  t h at  t he  wat er  is  g en er at e d in  t h e r eact ion .  I n  t he or y  it  is con ce iva bl e t hat  H 2 f or m s  hy dr i des  an d H 2O  w it h  O H−  ( s e e eq uaƟ on  2 4) .  T his  r e act i on  pr ov ide s t he  d is pr op or t i on at i on  of  H 2,  wh ic h is  w hy  H + is  f or m ed . If  t he  wat er  is  pr o duc ed  i n t her e acƟ on ,  o nly  s m al l  am ount s  ar e nee de d.  [ B H 4] − an d H2 O  wo ul d r eact  an d f or m  [ B( OH) 4] −.  T hes t a nd ar d  G ib bs  r eact io n  en er gy  f or  t he  r e act i on  d es cr ibe d i n e qu aƟ on  2 4 is  −1 75  kJ  m o l−1 . An ot her  cat al yt ic  pr ot o n s our c e is  t - Bu O H w her e [ BH 4] − is  s t a bl e w hen  it  is  r ege ner at ed  w it ht h e dis pr o por t io nat i on  of  H2 .Sm a l l am o unt s  ( ab out  0 .1  m l)  of  t - B u OH  a lc oho l  wer e  g ive n  t o  [ BM M I M ] +[ B 3H 8] −  an d Na H  i nC H2 C l2 . Bec aus e  of  t h e s t er ic  hi ndr a nce  of  t h e alc oh ol ,  t he  [ B H4] − io n s ho ul d not  b e aƩ ack ed . Int he  1 1B- NM R t her e  i s  a s ig na l of  [ B H4] − w it h  t h e s am e  i nt e ns it y li ke  t he  s ign al  of  [ B H4] − w hen  it  is f or m ed  by  Na H  an d H2 O .  I n cont r as t  t o t he  ot h er  r eact io ns  w it h  H2 O t he  s i gn al  d id  n ot  van is hbut  t h er e  was  a  wh it e  pr ec i pit at e in  t h e r eact io n f las k .  Th is  co ul d  be  d is s ol ved  in  D 2 O a nd  s ho ws r es on anc e at  + 1 .8  pp m .  T hus ,  ev en  if  [ B H4] −  is  s t ab le  i n t he  s o luƟ o n,  t h er e  is  [ B( O H) 4] −  i n  t he  

r eact i on  m ixt ur e. The  a ni on  [ B H4] − is  s t ab le  a ga ins t  t - Bu O H but  a ls o  in  wat er  wit h p H > 9.  S o [ BM M IM ] [ B 3 H8]  w as s o lv ed  i n C H2C l2 ,  co ver e d w it h  s o di um  hy dr ox i de  s o lut io n ( p H  =  1 2)  a nd  Na H w as  giv en  t o  t h e  t he  s o di um  hy dr ox id e ha d not  be en  d egas s ed ,  or  whe n t her e wa s  a  s m al l  am ount  of  o xyge n i nt he  g as  pha s e , t he  hy dr og en  i gn it e d w hen  b ei ng  f or m ed . W e  as s um e  t h e hydr oge n  t o  ber eact ive .  Th er e  was  a  wh it e  pr e ci pit at e in  t h e r eact io n m ixt ur e . A  N M R  pr obe  was  t a ken  of  t h et wo  ph as e  m ixt ur e.  In  t he  1 1B- NM R s pect r um  t he  s ign al  of  [ B H4] − was  f o un d at  –38 .6  ppm  b ut t he  int e ns it y w as  c om p ar a bl e t o t he ot h er  s am p les .  One  s ign al  at  + 1. 8 ppm  was  p ar t ic ul ar l yco ns p icu ous .  T his  r es ona nce  be lon gs  t o [ B( O H) 4] −.  In  a lka li ne  wat er  t h e s ig na l is  s h iŌ ed  t o hi gh er  fi e ld . Th e int egr aƟ o n of  t h e s ig na ls  of  [ B( O H) 4] − c om p ar e d t o [ B 3 H8] −  i s  0. 8: 3.  S o ne ar ly ha lf  t he  [ B3 H8] − w hic h  w as  us e d w as  ox id iz e d t o bor on  i n o xid aƟ on  s t at e  II I . But  wh er e do es  t he[ B( O H) 4] −  c om e  f r om ?  T he  r ea cƟ on  was  r ep eat e d  w it h out  Na H,  o n ly [ BM M I M ] [ B3 H8]  was d is s ol ved  in  C H2 Cl 2 an d abo ut  t he  s am e qu ant it y of  s od ium  hydr oxi de  s o lut io n  was  gi ve n t o t h er e act i on  m ixt ur e .  B ut  af t er  t he  m i xt ur e  h ad  b een  in  t he  ult r as on ic  b at h  f or  on e day ,  t he 11 B− NM R s pect r um  s ho w ed  n o r eacƟ o n of  t h e [ B3 H8] − .  I n  19 78  J o ll y r epor t ed  t hat  if  t h e s od iu m s a lt  of  oct ah ydr ot r ib or at e  is  di s s o lve d in  s od ium  h ydr oxi de  s o lut io n ( 15  M )  an d heat ed  t o  8 0 ° Cf or  on e ho ur ,  t h er e  ar e  o nl y s ig na ls  of  bor at e an d bor ohy dr i de  l ef t  in  t he  1 1B  NM R.  T he  r at io  of t h e int egr a ls  of  t he  s i gn als  of  [ B H4] −  t o  [ B( O H) 4] −  i s  0. 7: 1. 0 . T hat  m e ans  t h at  [ B 3H 8] −  is  at t acke dby  t h e hy dr ox id e io n[ 24 4] .  [ B 3H 8] −  is  s t a bl e in  C H 2C l2  wit h t he  [ BM M I M ] +  caƟ on  wh en  s o d ium hydr ox ide  s o l ut i on  is  g ive n  t o  t he  r e act i on  m ixt ur e .  Ev en  if  ex pos ed  t o  u lt r as on ic  w aves ,  t h e  

bor a ne  r em a i ns  s t ab le . Ther e ar e  t wo  p os s i bl e cons i der at io ns ,  t h e fi r s t  is  t h e r e acƟ on  of  [ B 3H 8] − w it h  H 2 le ad ing  t o  t h e f or m aƟ o n of  [ B H 4] − an d B2 H6  ( s ee  e qu aƟ on  2 5) .  Th e laƩ er  is  not  s t a bl eag ai ns t  s od iu m  hydr ox ide  s ol uƟ on  an d r eact s  t o  f or m  [ B( O H) 4] − . Th is  r eacƟ o n ( eq uaƟ on  2 5)  is t h e r ever s e r e act ion  of  t h e [ B3 H8] −  f or m aƟ on  p ub lis he d by  G ai nes  et  a l[ 14 1] .  T he  ot h er  pos s i bi lit yis  t h at  t he ad dit io n of  Na H  l ea ds  t o a hig her  p H  va lu e an d t h e f or m at io n des cr ib ed  b y J o l ly[ 2 44] d epe nds  o n  t he  p H  va lu e.  T hi s  m ig ht  s t ar t  t h e r eacƟ o n of  [ B3 H8] −  wit h O H−  t o  g ive  [ B H 4] − an d[ B( OH) 4] −.  W he n w e cons i der  t he  ca lc ul aƟ ons  an d com par e  t h e s t an dar d  Gi bbs  r e acƟ on  e ner gy w it h  + 30  kJ  m o l− 1 f or  e qu aƟ on  ( 25)  a nd  t he  e ner g y c al cu lat e d f or  equ aƟ on  ( 26)  wit h− 351  kJ  m o l− 1 t he  l aƩ er  is  m or e l ike ly .R egar dl es s  of  t he  [ B H4] −  f or m at i on  s o m eƟ m es  t h e s ig na l of  [ B 12 H1 2] 2−  ar os e  i n t he  1 1B− N M Rs pect r u m .  T he  f or m at io n  of  t he d ian io n s eem s  t o  be  a s i de  r eact io n  of  t he  h ig her  bor an eim pur it i es .A not h er  pos s ib i lit y  t o  oxi di z e  t he  b or o n at om  i n [ B3 H8] −  is  an  e lect r och em i ca l ox idaƟ o n.  T hec at i on  s h ou ld  b e s t ab le  an d t he  i m i daz ol ium  ha li des  ha ve  a  br o ad  e lect r och em i ca l w in do w . I n19 75  D o lan ,  K in ds vat er  a nd  P et er s  p ub lis he d t he ir  inv es t i gat ion s  of  t h e el ect r oc hem ic al  p ot as s iu m  nit r at e s ol ut i on  in  wat er  d es t r oys  t h e bor on  co m po un d an d le ads  t o  b or at es .  Th eox id at i on  i n D M F or  acet on it r i le  wit h p lat i num  or  g ol d  an od e on ly  l eads  t o  a  o ne  e lect r ont o a n  ox id at i on  of  bor on  t o  g ive  a  BH 3 add uct . L ik e in  o ur  r eact io n w it h  s o d ium  h ydr o xi des ol ut i on  t her e ar e  b or at es  as  a  by pr o duct .  D ol an , Ki nds vat er  a nd  Pet er s  d id  not  inv es t i gat e  t h ef or m at io n of  t he  b or at es ,  but  t h e f or m at ion  of  BH 3 on ly  wor ks  w it h  t he  a dd it i on  of  an  a c i d, w hi ch  pr o ba bl y at t acks  t he  BH 3 un it . I n s um m ar y w e c ou ld  n ot  r ea liz e t he  f u ll  o xi daƟ on  of  [ B 3H 8] −  t o  g ive  [ B H4] −  e ven  whe n  t hec al cu lat i ons  of  t h e s t an dar d  Gi bbs  e ner g ies  ar e exer g on ic . Th e act iv at i on  b ar r i er  of  t h er ea cƟ ons  is  a l wa ys  t oo  h igh  t o  c om p let e t he  f or m aƟ o n of  [ BH 4] −  du e t o t he  k in et ic  s t a bi l it y of [ B3 H8] −.  W he n t he  bar r ier  is  over c om e ,  f or  exa m p le  wh en  co nce nt r at e d H NO 3 is  g ive n t o[ BM M IM ] [ B3 H 8] ,  t he  a ni on  d eco m po s es  s t r on g exot her m  T he  ox i daƟ on  of  [ B 3H 8] − t o f or m  [ B H4] −  co u ld  not  b e r ea liz ed  wit h go od  y ie lds . [ BH 4] −  was f or m ed  b ut  on ly  wit h 1 %  y ie ld  wh en  t he  s t ar t in g m at er ia ls  w er e  [ BM M I M ] [ B3 H8]  a nd  N aH  w it ht r ac es  of  w at er . Eve n t he  exc ha nge  of  H 2 O t o t - Bu O H di d not  r es ult  i n bet t er  y ie lds .  T hef or m aƟ on  of  [ B H4] −  wit h t he  d onaƟ o n  of  hy dr i des  d id  n ot  w or k  i n an  eas ier  way  t h an  t h er eact io n of  M g[ B 3H 8] 2  wit h M g H2  t o  f or m  M g[ BH 4] 2[ 7 2] .  It  was  n ot  s ucc es s f u l t o lo w er t em per at ur e  an d hy dr og en  pr es s ur e  by di s s o lv ing  t h e [ B3 H8] −  a nd  Na H beca us e  t h e caƟ on[ BM M IM ] + is  not  s t a bl e aga ins t  hy dr i des .  Th e m et h yl  gr o up  in  C- 2  p os it i on  bet w ee n t he  t w on it r o gen  at om s  was  al w ays  at t ac ked .  For  f ur t her  ex per im e nt s  w it h  hy dr i des  a not her  cat ion at t ack ed  by  N H2T he  f o ll o wi ng  s et s  of  ex per im e nt s  w er e  r eact io ns  i n w hic h N aH  was  us ed  o nl y f or  g en er at i on  o hydr og en  i n t he  r eacƟ o n  flas k.  It  is  pos s i bl e t hat  [ B3 H8] − f or m s  not  o nl y [ B H 4] − but  a ls o  

B2 H6 .Th is  d id  n ot  le ad  t o  h igh er  yi el ds  of  bor a ne  b eca us e  t he  h ydr oge n w as  f or m ed  in  t he  r e act i on  of Na H  wit h wat er  an d s od ium  h ydr oxi de  t o  i ncr e as e  t he  s t a bi l it y of  [ BH 4] − . But  t he  di bor a ne  is  not s t a bl e in  s o d ium  hy dr ox i de  s o luƟ o ns .  T he  u nr eacƟ v e [ B( O H) 4] −  was  f or m ed  i m m e di at el y. An ot h er  m or e  l ik ely  pos s ib il it y  is  t hat  [ B3 H8] −  is  aƩ ack ed  by  OH − bec aus e of  t h e h igh  OH −co nce nt r aƟ on  wh en  Na H is  ad de d t o t he  r eacƟ o n s o luƟ on .  W hen  we  t r i ed  t o  s y nt hes iz e [ B 2 H7] −  ca nd id at es  f or  hy dr og en  s t or a ge . Th e r el eas e  of  hy dr o gen  f r om  a m m o ni ab or an es  has  b eens ucc es s f u ll y per f or m ed  s ev er a l t im es [ 14] ,[ 10 5] .  Es pec ia ll y t he  ut il iz at io n of  t r a ns it i on  an d m a ingr ou p m et a ls  as  c at a lys t s  has  b ee n pr ov en  t o  e nha nce  t h e r eact ion  r at e and  t o  lo wer  t h er ea ct i on  t em per at ur e s ig n if ica nt l y[ 11 3] ,[ 246] . If  t hos e m et a ls  ar e  i ncor por at ed  in  com p lexe s ,  t h eycat alyz e hy dr og en  r e leas e f r om  H 3B NR 2H  a nd  H3B N RH 2[ 24 7] ,[ 247 b] ,[ 248] ,[ 24 9] ,[ 2 50]  an d  t he  f or m at i on of  p ol ym er ic  B N  m at er ia ls [ 2 51] ,[ 25 2] ,[ 2 53] ,[ 25 4] .  M or eo ver  de hydr oco up l ing  f r om  H3 BN H3  is  f avor ed in  hy dr o gen  r ich  co m po un ds [ 25 5] ,[ 256] .  N ever t he les s , t he  r ea ct i on  r ev ea ls  t he  f or m at io n of s ev er a l,  u n wa nt ed  p ol ym er ic  by pr o duct s  wh ich  h am p er  t he  e luc id at i on  of  a  pr o per  m ec ha nis m . M ec han is t ic  in ves t igat io ns  m a in ly  i nvo lv e t h es ec on dar y am m o n iab or an es M e2 N HB H3[ 2 57] ,[ 25 8] ,[ 2 59] ,[ 26 0] ,[ 261] ,[ 2 62] ,[ 263] ,  du e t o t he  f act  t hat  d ehy dr oc ou pl in g le ads  t o  a  s i ng lepr od uct  – t he  d im er  of  H2B N M e2 .P ar t ic u lar l y r ho di um  com po un ds  hav e pr ov en  t o  be  pr om is i ng  cat alys t s .  R ep or t ed  cat alys is inv o lves  r h od ium  c om p lex es [ 2 58] ,[ 259] ,[ 2 53] ,[ 26 2] ,  co l lo ida l  r h od ium [ 2 49]  an d  Rh 4- R h6  c l us t er s [ 2 64] ,[ 26 5] n d bi gger  c lus t er .  W it h  t he  a dd it i on  of  t h e c at al ys t  ( 0. 5 m ol e %  [ R h( 1 ,5- C O D) ( m u- Cl) ] 2) , t het im e  f or  t he  r e act i on  of  t h e r e le as e  of  H 2 f r om  M e 2N H BH 3 and  t h e f or m at io n of  t h e cyc li c  d im er [ M e2 N BH 3] 2  at  45  ° C  dr ops  f r om  7  d ays  ( r eact io n s t il l  i nco m p let e)  t o  24  h[ 25 3] .  Th e m ec han is m  of deh ydr oge nat i on  in  h om og en ous  cat aly s is  ca n be  d es cr i be d in  t wo  p os s ib le  ways .  Fir s t ,  t her eact io n pr oc eed s  w it h  hy dr o gen  t r a ns f er  i n a n  i nner  s p her e m ech an is m [ 2 59]  i nc l ud in g a s igm acom p lex of  t h e am m on iab or a nes  t o  t he  m et al l ic  cent er .  T her e  ar e s ever al  pr op os it io ns  f or  t hem e cha ni s m  of  t his  s t e p[ 26 6] ,[ 266 b] ,[ 267] ,[ 26 2] ,[ 268] ,[ 2 69] ,[ 270] ,  b ut  it  has  n ot  b ee n s ol ved  c om p let ely  y et . The  s eco nd  p os s i bi l it y is  t he  s o c al le d out er  s pher e m ec han is m  of  de hy dr og enat io n[ 2 71] .  It  is a na log ous  t o  t h e ox idat io n of  alc oh ols  w it h  a  hy dr i de  t r ans f er  bet we en  t he  a lc oho l  an d an am i de  l ig an d in  m et al  c om p lex es [ 27 2] ,[ 273] . Fur t her m or e on e c an  s u pp os e  t hat  r h od iu m com pl exes  or  c ol lo id al  m et al  a ls o  c at al yz es  t h e f or m at i on  of  [ B 3H 8] – or  h igh er  bor a nes  f r om [ BH 4] – , in  a na log y w it h  t h e hydr oge n r el eas e a nd  d im er  f or m at i on  of  H 2B= N M e2 .  So m er ut hen i um  com pl exes  ar e  k no w n t hat  f or m  com pl exes  w it h  [ B H3C l] −  b y Cl − t r a ns f er [ 2 74] . Bo nd in g  s pect r a  w it h  n in e or  s eve n H  at om s  ar e bot h c om par a bl e w it h  t he  e xper im ent a l s pe ct r a. H o wev er ,  t h e int e ns it y of  t he  s i gna l  i n t he  s p ect r um  wit h ni ne  H at om s  is  hig her  i n t he  m id dl ebut  lo wer  o n t he  e dges .  Th e int ens it y  of  t he  

s ign al  in  t he  s pect r u m  w it h  s e ven  H at om s  is a lw ays  l o wer . A lm os t  e ver y  p oi nt  on  t he  s ig na l of  t h e exp er i m ent al  s p ect r um  has  t he  s am ed is t a nce  t o  t h e s ig na l of  t h e s im ul at ed  s pect r u m .  Add it io nal ly ,  s ev en  co up l ing  p ar t ner s  ar em or e l ike ly  f r om  t he  c hem ica l  po i nt  of  v ie w .C om p ou nd  A  c ons is t s  of  t hr e e bor o n  at om s .  T w o bor o n  at om s  ar e eq ui val ent  a nd  t he  d if f er ing bor on  at om  is  co nn ect ed  t o  a  C H 3 gr ou p.  T hi s  CH 3 gr o up  co up les  t o  7  e qu iva le nt  hydr oge nat om s . F or  a m or e  d et a il ed  s t u dy of  t he  f or m ed  com po un d,  [ B M M IM ] [ B 3H 8]  and  [ R h( n bd) 2] [ B F4] wer e dis s ol ve d in  C D2 Cl 2 . Af t er  f our  d ays  t he  r ec or d ed  11 B- NM R  s pect r u m  s ho w ed  com par a b les ign als .  B ut ,  t h e r es on anc e at  −0 .2 8 ppm  i n  t he  1 H{ 1 1B} - NM R  s pect r u m  s ho ws  a  d if f er e nce  in  t hes ig na l pat t er n.  T he  a na lys i s  of  t h e ne w  s p l it t i ng pat t er n r eve als  t h at  t he  m et hyl  gr ou p no wc ont a in s  t w o deut er i um  at om s  ( s e e Fi gur e  4 5 d) .  T he  pr es en ce  of  t hi s  CH D2  gr ou p ins t ead  of  a CH 3 gr ou p  i n m ol ecu le  pr ov es  t hat  t he  s o lv ent  d ich lor om et han e is  t he  s our c e of  t h e m et h yl gr ou p t hat  is  inc or p or at e d in  t h e ne w  b or on  c lus t er .  T he  pr ot on  s ign al  of  t h e s eve n eq ui val ent hydr oge n at om s  is  s h if t ed  s l ig ht l y t o hi gher  f i el d du e t o t he  is ot o pe  s h if t . For  a ll  t h is  r eas ons  t h e m ol ecu lar  f or m ul a of  c om pou nd  A is  m os t  l ik ely  [ B 3 H7C H 3] −.  W he n t her e acƟ on  m ixt ur e w as  dis s o lve d in  C D 2C l2 , [ B3 H7 CD 2H] − is  f or m e d i ns t ea d of  [ B3 H7C H 3] − .  

A r ecor ded  n egat iv e ESI  m as s  s pect r um  do es  not  s ho w  a s ig na l  w h ich  co ul d  be  at t r ib ut ed  t o[ B3 H7 CH 3] − . The  a na lyt e  was  m ixe d w it h  C H3 C N.  T hi s  c ou ld  h ave  d eco m pos ed  t h e [ B3 H7 CH 3] − .I n  

Fig ur e  46  t h e m os t  r eas on ab le  s t r uct ur e of  [ B3 H7 CH 3] −  is  s h o wn .  A lt h oug h t he  h ydr o gen  at om s ,b ou nd  t o  bor on ,  ar e  n ot  eq uiv al ent  i n t he  s t r uct ur e  t h is  t ype  of  b or o n c l us t er s  is  k no wn  f or  f as t int r a m o lec ul ar  exch ang e of  t he  hy dr og en  at om s  w h ich  r e nder s  t h em  eq ui va lent  o n t he  NM Rt im es ca le . t he  inf l ue nce  of  t h e c hl or i ne  at om  on  t h e r el ia bi lit y of  t he  ch em i cal  s hif t  pr e di ct i on  t he  k no w nan io n [ B3 H7 Cl] − w as  als o cal cu lat e d.  T w o d iff er ent  s t r uct ur es  wer e  c alc ul at e d,  o ne  wit h c h lor ine at  t he  bor on  at om  w it h  t h e bor on- b or o n bo nd  ( at om  2  or  3)  a nd  wit h t he  ch lor in e at om  at  t h e  

bor o n at om  wit h t he  t wo  2 e−3c  bon ds  ( at om  1) . Th e m in im um  of  bot h s t r uct ur es  dif f er s  on ly by 1 kJ  m ol –1 . So  b ot h  s t r uct ur es  ar e  p os s i bl e . But  i n pur ely  s t at is t ica l t er m s  t he  f ir s t  o ne  wit h t he  

chl or i ne  at  bor on  2  or  3  is  t w ice  as  li ke ly.  W he n t he  ch lor in e at om  is  bo un d t o bor o n  1 , t heca lc ul at ed  c hem ica l  s h if t  f or  t h is  b or on  at om  is  1 3 ppm  a nd  f or  t he  b or o n at om s  2  a nd  3 −32 .8  p pm . Th e c hem ic al  s h iŌ s  J aco bs en  et  a l . f oun d  f or  t his  c om p ou nd  wer e  − 22 .0  p pm  ( on eb or on  at om )  an d −16 .2  ppm  ( t wo  b or on  at om s )  r es p ecƟ ve ly[ 27 9] .  Not  o nl y t he che m ic al  s hiŌ  has a lar ge  er r or ,  but  a ls o  t h e Δδ  of  t h e t w o s ig na ls  is  s i gn if ic ant ly  d if f er ent .  Th e bor on  at om s wit ho ut  het er oat o m  hav e a c alc ul at e d c hem ica l  s h iŌ  c om p ar a bl e t o [ B 3 H8] − .  I n t he  ca lcu laƟ o nt he  c hl or i de  h as  near ly  n o ef f ect  on  t h e che m ic al  s h if t  of  t hes e t wo  bor o n at om s .  I n co nt r as t t he  c alc ul at e d c hem ica l  s h if t  of  bor o n at om  1  e xper ie nces  a  d o wnf ie ld  s h if t  m uc h m or e pr on ou nce d t ha n obs er ved  in  t h e s pect r um .  F or  t he  a lt er n at iv e s t r uct ur e of  t his  c om p ou nd w it h  t he  c hl or i ne  at om  bou nd  t o  b or o n at om  2  or  3  t h e c al cu lat e d 11 B c hem ica l  s h if t  ar e− 15 .6  p pm  f or  t he  l aƩ er  an d −14 .5  ppm  f or  b or on  at om  1 . Th is  is  i n bem er  agr e em e nt  w it h  t h e  

exper im ent s . The  s ig nal  of  t h e bor on  at o m  w it h  t h e c hl or i ne  at om  is  o nly  s hif t e d 7 .8  pp m d ow nf i el d com par e d t o t he  ex per im e nt a l v al ue .  Th e ot h er  s ig nal  is  on ly  s h if t e d t o do wnf ie ld  b y0 .8  p pm . Ther ef or e  t h e c al cu lat e d c hem ic al  s h iŌ s  ar gu e defi n it e ly  f or  t he  i s om er  of  [ B 3H 7C l] − w it h  t he  c hl or i ne  at o m  bo un d t o one  of  t h e bor on  at o m s  2 or  3.  F or  [ B3 H7 CH 3] −  we al s oca lc ul at ed  t h e is om er ic  s t r uct ur e w it h  t h e m et hy l  gr o up  b ou nd  t o  o ne  of  t he  b or o n at om  of  2  or 3 .  T he  ca lcu lat ed  ch em i ca l s hiŌ s  f or  t h is  s t r uct ur e ar e −2 6. 1 ppm  ( b or o n at om  wit h m et hy l)  an d− 13 .9  p pm .  T he  ca lc ul aco ns  of  t he  che m ic al  s hi ns  f or  t he  [ B3 H7 C H3] −  wit h t he  m et hy l gr ou p at b or on  at om  1  ar e  i n bet t er  a gr ee m ent  w it h  t he  ex per im e nt s .Th e exp er im ent al  va lu e f or  t he  1J ( 1 1B ,1 H)  c ou pl in g of  [ B3 H8] −  w it h  32  Hz  w as  com par e d t o t he  

calc ul at ed  c ou pl in gs .  T he  ca lcu lat io ns  w it h  PBE 0[ 28 3] ,[ 284] ,[ 28 5] / a ug- cc- p VTZ[ 286] ,[ 2 87] ,[ 28 8]  w it h3 0. 46  Hz  w er e  i n bes t  agr eem ent  wit h t he  ex per i m ent al  d at a . For  t he  c oup l ing  t h e wav ef un ct i on  at  t he  p os it io n  of  t he  n ucl eus  is  im por t a nt .  B or o n at om s  ar e in  t h e s eco nd  p er i od ,s o  t h e el ect r o ns  w hic h  ar e  n ear  t he  n uc leus  c ou ld  b e w el l des cr i bed  w it h  an  a ug- cc- p VT Z bas is  

s et .  Th is  b as is  h as  a po lar iz at io n f unct io n,  t h is  r ef l ect s  t he  ar ea ne ar  t he  nu cl eus  b et t er  t han s m a ll er  bas e s .  In  co nt r as t  t o t hat , f or  t he  ch em i ca l s hif t  t he  m os t  im por t a nt  f a ct or  is  t h es t r uct ur e,  w hic h cou l d be  des cr i bed  e ve n w it h  s m a l ler  bas es . T he  ca lc ul at ed  1J ( 1 1B ,1 H)  co up li ng8 6co up l ing  is  29  H z .  B ot h  ca lcu lat ed  co up l ings  ar e in  g oo d agr e em e nt  w it h  t he  e xper im ent a lva lu e , but  t he  o ne  f or  B 3H 7C H3 Cl  is  bet t er .  Th e com par is o n of  t h e 1J ( 1 H, 1H)  co up l ing  of  t h eex per im e nt al  dat a  wit h 1. 7 Hz  s h o ws  beƩ er  a gr ee m ent  wit h t he  co up l ing  of  [ B 3H 7C H3] −  w it h  1 .6 Hz  t ha n B3 H7 C H3C l  wit h 0. 8 Hz . Th e r es on anc es  of  [ B3 H7 Cl] − wer e t oo  br oad  t o  det er m in e t hec ou pl in g,  s o we  c ou ld  n ot  es t im at e  t he  inf lue nce  of  t h e c hl or ine .  Ac cor d i ng t o t he  ca lcu lat edc ou pl in gs ,  we  c an  on ly  s a y t hat  com po und  A is  m or e l ike ly  [ B3 H7 C H3] −  t h an  B 3H 7C H3 Cl  b eca us et h e dev iat io ns  of  t he  ca lc ul at ed  co up l ings  ar e s m a ll er  but  B3 H 7C H3 Cl  co u ld  n ot  be exc lu de d. The  ca lc ul at i ons  of  t he  bor o n che m ic al  s hif t s  s h o wed  d ev iat ions  f r o m  t he  ex per im e nt al  v al uet h at  ar e s m a ll  e no ugh ,  ev en  if  ch l or i ne  at om s  ar e in vo lve d , t hat  t he  n e w bor o n  c l us t er  wit h on em et h yl  gr ou p doe s  not  co nt a in  ch lor in e.  And  t h e s t r uct ur e of  [ B3 H7 Cl] −  ( i s o  2 , s ee  F igur e 46: Opt im i z ed  s t r u ct r ur es  of  t h e c alc u lat e d c om p ou nds  w it h  PB E0)  is  t h e c or r ect  c lus t er . The  f or m aƟ on  of  t he  t wo  b or o n com po unds  [ B 3 H7C l] −  a nd  [ B3 H 7C H3] − W e  wer e  n ot  ab le  t o  f i lt er  t h e bl ack  pr e ci pit at e f or m e d in  t h e r eact io n of  [ B M M IM ] [ B 3H 8]  w it h[ Rh( n bd) 2] [ BF4] . Eve n af t er  t w o ho ur s  i n t he  ce nt r if u ge  t her e w as  no  pr eci pit at e  i n t hec ent r if uge  t u be .  Th e c om pou nd  t h at  c aus es  t he  b lack  c ol or  is  m ay be  co l lo id al . W h en  t h e Rhc om p le x( 1 eq ui v.)  was  d is s o lv ed  wit h [ BM M IM ] [ B 3 H8]  ( 1 eq uiv .)  i n CH 2C l2  n o 11 B- N M R  s ign al w as  leŌ  ex pect  t he  r es on anc e of  [ B F4] − .  A  p o wd er - XR D  of  t he  r es id ue  s h o we d r ef le xes  f or s o di um  c h lor ide  im p ur it ies .  Th e ot h er  par t  of  t he  pr e ci pit at e is  am or p hou s .  Hi ll  et  a l l.  r e por t e di n  20 10  t he  pr ep ar at i on  of  a  R u com pl ex w it h  [ B 3H 8] −  i n C H2C l2[ 295] .  Th e ne w  co m p lex  was  

f or m ed  b y t r e at i ng  t he  [ R uC l( C 6H 5) ( C O) ( PP h3) 2]  wit h [ Bu4 N] [ B 3 H8]  in  CH 2C l2 . By  t h e a dd it ion  of Et O H  t he y obt a i ned  [ R uH( B3 H8) ( C O) ( P Ph 3) 2]  as  a br o w n s ol id  a nd  s o lut io n[ B 3H 8R u( C6 H5) ( CO) ( P Ph 3) 2] . W e  wor k ed  u nder  s im i lar  c ond it io ns .  F or  t he  R h- H- B  h ydr oge n w eex pect  o ne  s i gna l  bet w ee n − 15  p pm  an d −4  p pm . But  we  co ul d not  o bs er v e on e s ig na l in  t h e1 H- N M R  s p ect r um  or  t h e 11 B− NM R s pect r um  be lo ng in g t o s uch  a  co m p lex .F ult on  et  a l.  d es cr ibe d t he  f or m at i on  of  R h4- 6 ∙L iga nd  c lus t er s  wh ic h ar e  t he  cat alyt ic al ly  act ives pec ies  f or  a  d ehy dr oc ou pl in g of  M e2 N H ∙B H3[ 2 78] . The y hyp ot h es iz ed  t h at  t h e Rh 4- 6− l iga ndc lus t er  f or m s  a po lym er - l ike  pr od uct , bo nde d by  am in e bor a ne  d im er .  It  is  pos s i bl e t h at  w he n[ B3 H8] − w as  giv en  t o  a  [ R h( nb d) 2] [ BF 4]  s ol uƟ on  in  C H2 Cl 2 a Rh  c lus t er  w it h  [ B3 H8] − li ga nd  is  

f or m ed .  Th es e  c lus t er s  c ou ld  acc um ulat e in  dic hl or om et h ane  a nd  f or m  a  co l lo id al  s o lut io n.  T h is co ul d be  a n exp la nat i on  f or  t h e lac k of  s ig nal s  in  t h e 1H-  or  1 1B- NM R s pect r a .  T he  par t ic les 8 7b eha ves  l ik e a s ol id  in  t he  NM R,  t h is  co ul d le ad  t o  br oad  s ign al s  t h at  cou ld  not  be  o bs er ved any m or e .W he n [ Rh( n bd) 2] [ BF4]  a nd  [ BM M I M ] [ B3 H8]  wer e s ol ved  in  C H2 Cl 2 w it h  t h e s am e  m olar qu ant it i es  no  s i gn al  i n t he  1 1B- NM R s pect r um  cou l d be  ob s er ve d . W h en  t he  s o lv ent  was r e m ov ed  an d  D 2O  was  g iv en  t o  t he  b la ck pr ec ip it at e no  s i gna l  exc ept  t h e one  of  [ B F4] −  ar o s e  i nt he  1 1B- NM R s pect r um . The  s ign al  of  B( O H) 3  at  +1 8. 4 ppm  c ou ld  b e f oun d  on ly  b y t he  ad dit io nof  co nce nt r at e d hydr oc hl or ic  ac i d t o D2 O . Th e r hod i um / b or o n c om p ou nd  is  s t a b le i n wat er , on ly  t h e a dd it ion  of  c onc ent r at e d  hy dr oc hl or i c  a c i dd ecom pos es  t he  b or on  in  t h is  com po un d t of or m  bor on  ac i d. The  r e acƟ on  of  [ B H4] −  w it h  C H2 Cl 2 f or m aƟ o n of  CH 3C l via  u lt r as on ic  t r eat m ent  is  d es cr i be d int hi s  t h es is  ( c hapt er  3. 2) .  In  t h os e  s t ud ie s  w e f o un d no  r e acƟ on  of  [ B3 H 8] − an io n of  t he  pr e par e d Ion ic  L iq ui ds  w it h  d ic hl or om et ha ne . Th er ef or e,  it  ca n  be  as s um e d  t hat  t he  f or m at i on  of [ B3 H7 Cl] −  is  c at a lyz e d or  i ndu ced  b y r ho di um  or  r ho di um - b or o n s pec ies  pr es e nt  in  s ol ut i on . The 1 H- N M R  s p ect r um  s h o ws  t he  r es ona nce  as s ig ne d t o c h lor o m et h ane  at  3 .0 5 pp m .  E quat io n 30s ho ws  a  p os s ib le  r eacƟ o n t o f or m  [ B3 H7 Cl] −:  Als o  t he  o xi daƟ on  f or m  [ B 3H 8] −  t o  [ B H4] −  c ou ld  n ot  be  cat a lyz ed  wit h a Rh- c om p lex .  One  h ydr id e was  wit hdr a w n f r om  t he  oct ahy dr ot r ibor at e  an d  ad duct s  of  B 3H 7 w er e  f or m ed . Sim i lar  r eact io nP et er s  co ul d obs er ve .  Th ey  t r ie d  t o ox id iz e  o ct ahy dr ot r ib or at e  e lect r och em ica ll y.  B ut  on ly  o nee le ct r on  o xi dat ions  a nd  t h e f or m at io n of  B3 H7  ad duct s  w it h  t he  s olv ent  co ul d  be  o bs er ved[ 245] . On ly  t he  o xi dat ion  w it h  D M F  as  s o lve nt  le ads  t o  ( C H3) 3 N ∙B H 3 but  a ls o  b o r at es .  W e cou l dobs er ve  t h e r eacƟ o n of  [ B3 H8] −  wit h t he  s o lv ent  t o  f or m  [ B3 H7 C l] − an d CH 3C l . D ich lor om et han eis  n o  Le w is  bas e w hic h cou l d r eact  w it h  t h e Le w is  ac i d B3 H7 . M or e over  we  co u ld  o bs er v e t he  s i gna ls  of  a ne w  b or o n c om p ou nd .  W it h  d if f er e nt  NM Rm e as ur e m ent s  1 1B{ 1H}  C OS Y- s pe ct r um , 11 B, 1H  c or r e lat i on ,  13 C ,1 H cor r e lat io n,  1 H{ 1 1B}  s p ect r um  

and  wit h 1 H{ 11 B}  CO SY  s p ect r um  we  ex am ine d t he  co m po un d.  W e  al s o  s i m u lat e d NM R  s pe ct r a wit h dif f er ent  co up l ing  p ar t ner s  t o  e xam in e t hes e  n e w s ig na ls . W e  ar e  co nf i de nt  t hat  t his  ne w  

bor o n com po und  c ons is t s  of  t hr ee  bor o n at om s .  T wo  of  t h es e  at o m s  ar e  eq u iva le nt .  T he  t h ir do ne  i s  c on nect e d  t o  a C H3  gr o up .  Th is  m et hy l gr ou p has  s ev en  e qu iva le nt  cou pl i ng hy dr og en  

at om s . It  is  ver y l ike ly  t hat  t h e ne w  b or on  c om p ou nd  is  [ B 3H 7C H3] −.  Qu ant u m  c hem ica lc alc ul aƟ ons  of  t h e c hem ica l  s h iŌ s  of  [ BH 4] − , [ B3 H8] − ,  [ B3 H7 Cl] −,  a nd  [ B 3H 7C H3] −  s upp or t s  t hi s  

as s um pt i on .W e dis c us s e d t he  way  of  t h e f or m at ion  of  t h es e  b or o n c om p ou nds  a nd  wer e  m aki nga s s um pt i ons  wh at  c aus e s  t he  b lack  c ol or .  W e com par e d our  i de as  w it h  t h e lit er at ur e an ds ug ges t  t hat  R h f or m s  c l us t er s  wit h [ B3 H8] −  as  li gan d . T h is  c l us t er s  f or m s  l ar ger  co l lo id al par Ɵ cl es  in  d ic hl or om et ha ne .  Th is  par Ɵ c le  co ul d cat a lyz es  t he  r eacƟ o n of  [ B3 H8] −  w it h  t hes o lve nt  CH 2C l2  t o  f or m  [ B 3H 7C l] −  an dC H3 Cl  a nd  t h e gen er aƟ on  of  [ B 3H 7C H3] − f r o m  [ B3 H8] −  w it hC H 3C l. [ 2 55]  C . W .  Ham i lt on ,  R .  T . Bak er ,  A .  St a ub it z ,  I . M an ner s , Ch em ica l Soc iet y  R ev ie ws  20 09 ,  38 ,2 79- 2 93 .[ 2 56]  A . St au bit z ,  A .  P . M .  R ob er t s o n,  I.  M ann er s , Che m ic al  R ev ie ws  2 010 ,  11 0,  4 07 9- 41 24 .[ 25 7]  V . Pon s ,  R .  T . Bak er ,  N.  K.  Sz y m cz ak ,  D .  J .  He lde br a nt ,  J .  C.  L ine ha n,  M .  H .  M at us ,  D.  J .Gr ant , D . A . D ixo n,  C hem ic al  C om m un icat io ns  200 8 , 659 7- 65 99 .[ 25 8]  T.  M .  D ou gla s ,  A .  B .  C hap l in , A . S .  W el ler , J .  Am .  C hem .  Soc .  2 008 ,  13 0 , 144 32- 1 44 33 .[ 25 9]  T .  M .  D ou gla s ,  A .  B .  C hap l in , A . S .  W el ler ,  X . Yan g,  M .  B . Ha l l,  J . Am . Ch em . S oc . 20 09 ,13 1,  1 54 40- 1 545 6 .[ 26 0]  G.  Alc ar az , L .  V en di er ,  E .  C lot , S.  S abo- Et i enn e , Ang e wa ndt e  C hem ie  Int er nat io na l Ed it i on2 01 0,  4 9,  9 18- 9 20 .[ 2 61]  C . Y.  Ta ng ,  A . L .  T hom ps o n,  S .  A ldr id ge , An ge wa ndt e  Che m i eI nt er n at i ona l  E dit io n 201 0, 49 ,  92 1- 92 5.[ 262]  L . J .  Se w el l , M .  A .  H uer t os ,  M .  E . D ick ins on , A . S.  W el ler ,  G .  C . L l oyd- J ones ,  I nor gan ic Che m is t r y  2 01 3,  5 2,  4 50 9- 45 16 .[ 26 3]  H . He lt e n,  B .  D ut t a , J .  R .V anc e,  M .  E . Sl oan ,  M . F.  Had do w ,  S . S pr o ul es ,  D.  Co ll is o n , G . R. W h it t e ll ,  G .  C .  L l oyd- J one s ,  I.  M ann er s , Ang e wa ndt e  C hem ie  Int er nat io na l Ed it i on  20 13 ,5 2,  4 37- 4 40 .[ 2 64]  C . A.  J as ka , I . M an ner s , J our na l of  t he Am er ic an  C hem ica l  So ci et y 200 4 , 126 ,  97 76- 9 78 5.[ 265]  Y . Ch en , J .  L . F u lt on ,  J .  C .  L i ne han ,  T . Aut r ey , J our n al  of  t h e Am er ica n  Ch em ica l Soc iet y 20 05 , 127 ,  3 254- 325 5.[ 266]  a X.  Y ang ,  M . B . Ha ll ,  J o ur na l  of  t he  A m er ican  Che m ic al  S oci et y  20 08 , 1 30,  1 79 8- 17 99;  bX .Y ang ,  M . B . Ha ll ,  J o ur na l  of  Or gan om et al li c  Che m is t r y 200 9,  6 94 ,  28 31- 2 838 .[ 2 67]  Y . L uo ,  K . O hn o,  Or ga nom et a ll ics  2 007 ,  26 ,  35 97- 360 0.[ 268]  L . J .  Se we l l,  G.  C.  L loy d- J on es , A.  S .  W e l ler , J our na l of  t h e Am er ic an  C hem ica l  Soc iet y20 12 , 13 4,  3 598- 36 10 .[ 26 9]  A.  St a ub it z , M .  E .  S loa n,  A.  P .  M . Ro ber t s on , A . Fr ie dr i ch , S.  Sc hn ei der , P.  J . Gat es ,  J . S .  a .  

d.  G ün ne ,  I .  M a nner s ,  J o ur na l  of  t he  A m er ican  Che m ic al  S oc i et y  20 10 , 13 2,  1 33 32- 1 334 5.[ 270]  A .  P au l,  C .  B .  M us gr av e,  A ng e wan dt e  C hem ie  I nt er nat i on al  E dit io n 20 07 , 46 , 81 53- 8 156 .[ 2 71]  N .  B la qu ier e ,  S . D ial l o- Gar c i a,  S . I . G or e ls ky , D . A . Bl ack ,  K . Fag nou ,  J o ur na l  of  t he Am er ica n Ch em ica l Soc iet y  2 00 8,  1 30 , 14 034- 140 35 .[ 27 2]  T.  Ikar iya ,  A .  J .  B lac ker , Acc ou nt s  of  C he m ic al  R es ear ch  20 07 ,  40 ,  13 00- 1 30 8.[ 273]  a R.  Noy or i ,  S . Has h iguc hi ,  A cco unt s  of  C hem ica l Res ear c h 199 7,  30 , 97- 1 02;  bR .  N oy or i ,T . O hku m a , An ge wa ndt e  Che m i e Int er nat io na l Ed it i on  2 001 ,  40 ,  4 0- 73 .[ 27 4]  Y.  K a wan o , M .  S him o i,  C hem is t r y  Let t er s 19 98 , 27 , 93 5- 93 6.[ 275]  C .  J .  St e ven s ,  R .  D al la negr a,  A.  B .  C hap l in , A . S.  W el ler ,  S . A.  M acgr e gor ,  B . W ar d ,  D . M cKa y,  G.  Alc ar az , S.  S abo- Et i enn e , Che m is t r y  –  A Eur o pe an  J our na l 20 11 , 17 , 30 11-  
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  I ch möc hte mei n em D o ktorv ater  Pr of . I n go Kr ossi n g d ank en , f ür  di e i nt er essa nte Auf ga be nstel l un g u nd di e gro ße Fr ei hei t  bei  d er  I nt erpr etat i o n des Th emas , f ür  d enO pt i mi smus un d di e G e dul d .I ch da nke Pr of . Car ol i ne R öhr f ür  di e Ü ber nah me d es K orref er ates u nd m ei ne mD ri t tprüf er Prof . St ef a nW eb er . Al l en aktu el l en u nd e he mal i ge n Mi tgl i ed ern d es A K Kr ossi n g, K na pp , Kl i n gel e u nd H a sen stab -Ri e del :Al e xan der  H i g el i n, Al e xa nd er  Ru pp , Ank e H of f ma nn , A nn e Kraf t , Be ne di kt  Bur ge nm ei st er , Bo uma h di  Ben kmi l , Br i gi t t e Jör ger , C arsten Kn ap p, Chr i sto ph Bol l i , C hr i stop h Sc hul z , D ani el H i mmel , D ani el  Krat zer t , D omi ni k K aase , El i as Frei , Fadi m e Bi tg ül , Fel i x Br osi , Fra nzi ska Sc hol z , G erd a Pro bst , G unth er  Stei nf el d, H a nn es B öhr er , H ar al d Sc herer , H ei ke H al l er , J ana Macl ar en , Jen ni f er  Be ck , Jul i a Kl i ngel e , Jul i a Sc haef er , K ath ar i na P ütz , Luci a Al vareH ern an dez , Mar i n a Ar t amo n ova , Mar i b el  Si er ra Tr i l l o, Mart i n Li c htent hal er , Mat hi as H i l l ,Mathi as K eßl er , Mei pi n Li u, Mi c ha el  H og , Mi cha el  Rh od e, Mi chel  P anz er , Mi r i am S chw a b ,N i l s Trap p, O l af  P eterse n, Pet ra Kl ose , Pe n gch en g Z ha ng , Phi l i pp Ei de n, Przem ek M al i now ski ,R obi n Brüc kn er , S af ak B ul ut , Sasc ha G ol l , S eb ast i an H as enst ab -Ri e del , St ef a ni e Rei ni ng er , Ti mo H ux el , T obi as Kö ch ner , To bi as E ng esser , To bi as S chl ö der , V al ent i n D y bb ert , V al ent i n Ra dtke , V era Br uck sch , W erner  D e ck , Wi tal i  Bei chel  sow i e de n A uszu bi l de nd en Kat r i nW ag ner , Kr i st i n G ut t sch e, An na Er l e , R ai ner  Ri eba u , Mi ra Sc hul z , Fl or i an St ahl  un d M el ani e San ch ez.I c h d ank e mei n en Bor f re un de n, Mathi as Ke ßl er , H a nn es Bö hrer , C hr i sto ph B ol l i  und g an zb eso nd ers C arst en Kn ap p f ür  di e vi el e n ge mei ns ame n R ei sen ( u nd di e H i l f e bei  dem Wi ed er f i nd en v on v er l ore ne n G ep äckst ück en) .I c h d ank e d em e hem al i gen Tea m I L, U l r i ch Prei ss, Phi l i pp Ei d en , S af ak B ul tut  un d d emM astermi nd D a ni el  H i mmel .Ti m u nd Mart i n f ür  d as A nf er t i ge n u nd di e Re par atur  za hl rei cher  Sp ezi al gef äße .D e m Te am d er  Werk st at t , der  H au stec hni k , der  Pf ort e u nd der  Che mi kal i en aus ga be .I I I ch da nke G er da Pro bst , Vera Bruc ksc h un d Br i gi t te Jör ger  f ür  i hre gro ßar t i ge H i l f e bei  d er f ast  ni cht  z u bew äl t i gen de n B ürokr at i e. B es on ders d an ke i ch i h nen f ür  di e G ed ul d mi t  mi run d f ür  di e U n ge dul d ge ge nü ber  dem Rekt orat . N i c ht  zu ver ges se n di e hi l f rei che n Ti p ps f ür j ed e Le be nsl ag e, das F ahrra d u nd der  V orrat  a n Lakr i t z e.I c h da nke Wi nni  W eb er  f ür  Vers or gu ng mi t  G as ( un d al l em w as m an so nst  n oc h bra ucht )  u ndf ür  di e vi el e n G espr äch e ü ber  U r l au b un d G r i l l en.I ch dan ke T hi l o Lu dw i g, U w e Pel z u nd Przem ek M al i now ski  f ür  d as Mess un g u nd Ausw erte n der Pul v erdi f f rakto gra mme .I ch da nke An na Er l e u n d Lea Ei s el e, f ür  di e La borar bei t  i n d er  Zei t  al s i ch kei ne hat t e .F adi me , P et ra u nd Car ol a f ür  das bes ei t i gen v on Ch aos , d as A usl ei he n v on Che mi kal i en u n dLa bor ge ge nstä nd en , f ür  da s Mess en v on S pe kt ren .I c h da nke Mo ni  f ür  das u ngl a ubl i ch grü ndl i ch e K orrekt ur l ese n un d nat ür l i ch au ch f ür  di eau sg ede h nten Rei se n o hne Zi el .I ch da nke H ar al d Sc her er , d ass er  m ei n Le hrer  

w ar .I ch dan ke An dré , Jon ath an , H an nes , Si m on , Max , Mat hi as , Mo ni  un d Mar i o f ür  di e l ust i ge Zei t . Mi r i am da nke i ch f ür  di e Z ei t  i n 329 u nd dan ac h. O hne di ch w är e i ch ni em al s f er t i g gew orde n .T obi , i ch da nke di r  f ür  Al l es.I c h da nke mei ner  F ami l i e – al l en. M ei ne n El t ern un d mei n em Br ud er  f ür  di e U nterst üt z un g i nj eder  H i nsi c ht . B es on ders m ei ner  M ut ter  f ür  di e vi el e nA uf o pf er un gsv ol l en W och en en de n. U n dn atür l i ch T obi a s un d Vi tus . n ece ssary to f i n d al t ern at i ve en erg y so urces . Th e e nvi ron me ntal  toxi ns pro duc ed by th eco mb ust i on of  f ossi l  f uel s w i l l  become a c onst ant l y i ncre asi n g pro bl em . I n t hi s co ntext hy dro ge n i s st i l l a promi si ng al t er nat i ve e ner gy c ar r i er [ 2] ,[ 3] ,[ 2b] ,[ 4] . Th e stora ge a nd t he t ran sp ort as w el l  as t he re ge nerat i o n are i m porta nt  f or  t he use of  hydr og en as so urce of  e ner gy .Pr obl e mat i c i s t hat  at  t he m om ent  hy dr og en i s chi ef l y ge ner ate d f rom f ossi l  f uel s,  usual l y f romm eth an e[ 5] ,[ 6] . As an al t er nat i ve f or  f os si l  f uel s a new  ge ner at i on m eth od m ust  be dev el o pe d. Th ere i s a cl ean pre parat i o n of  h ydr og en f ro m H 2O , w hi c h i s a com bi nat i o n of  p hot ov ol t ai c cel l san d the el e ct rol ysi s of  w ater [ 7] . T he o veral l  en ergy gai n of  hydr o gen en ergy pro duc ed t hat  w ay al w ays d ep en ds o n the e ner gy w hi c h w as use d to s pl i t  t he w ater [ 8] ,[ 9] . A not her  possi bi l i t y f or  t hes ui t abl e gen erat i o n of  hy dro ge n i s f rom bi o mass , w hi ch i s f or  ex am pl e des cr i be d i n t he re vi ew of  Fl or i n a nd H arr i s[ 1 0]  or  D u, Li  a nd G u[ 11] . Th e next  di f f i cul t y i s t he storag e of  the hydr o gen .T he pro bl em i s t hat  h ydr og en i s a l i ght  gas .T hat ` s w h y i t  can onl y st ore l i t t l e energ y per  v ol um e. T he gas m ust  be c om press ed , l i qu ef i ed or abs orb ed f or  pract i cal  us e[ 12] . T here ar e hi g h- press ure h ydr og en st orag e tan ks, i n w hi c hh ydr og en c oul d be stor ed up to 900 bar , w her eas f or  re gul ar  use o nl y 70 0 bar  ar e co mmo n .H i gh er  press ure c an not  b e real i ze d d ue to saf et y i ssues[ 13] . Al l  t hese pro bl ems c oul d be a voi d edi f  t he hydr og en w a s che mi cal l y bo un d . A sui t a bl e co mp ou n d w oul d hav e to stor e hi g hq ua nt i t i es of  hydr og en at  l ow  pr ess ure . A nd th e rel eas e must  be ea sy, i n de pe nd ent  of  t heext ern al  press ure a nd p ossi bl e at  l ow  t emp eratur es. Th e by pro du ct s sho ul d n ot  b e toxi c. I t  w asrec om me nd ed th at  at  l east  15 w t  % hy dr og en sh o ul d be r el easa bl e . A nd of  cours e the st ora gem ust  b e ren ew abl e[ 14] . H ow ev er , th e pyr ol ysi s of  M g( BH 4) 2 yi el ds M g( B3H 8) 2 at  2 00 °C w i th f or mat i on of  H 2 an d i sreversi bl e. M g( B 3H 8) 2 a n d MgH 2 f orm M g( BH 4) 2 at  25 0 °C a nd 120 atm H 2 pr essur e[ 72] .T he pyrol ysi s of  rel easi n g[ 7 3] ,[ 7 4] . T he el i mi nat i o n of  2 .2 m ol  H 2 per  m ol e am mo ni ab ora ne o ccurs i n tw o step s, th e f i r st  at  343- 36 4 K an d th e sec on d at  47 3 K . But  t h e l oss of  w ei ght  i n t he TG mea sure me nt s i s hi gher  t han t he l oss of  h ydr og en . T here m ust  b e an oth er  am ou nt  of  B2H 6[ 75] . By a d di ng org ani c sol v ent s[ 7 6] , i o ni c l i qui ds[ 7 7]  or  „hi g h p oro us si l i ca“[ 78] , t h etem perat ures a n d the f orm at i on of  oth er  gas es ca n b e red uce d . A noth er  p ossi bi l i t y i s t he use the sem ater i al s i s t hat  t he pr od uct s of  t h e ther m al  

H 2 evol ut i on , the pol ym er i c amm oni a b oran e or bora zi ne c oul d not  be re ge nerat ed to a mm oni a bor an es. 4. H y drol ysi s of  H y dr i des Th e hy drol ysi s of  h ydr i d es w ork s w i th the sam e or  si mi l ar  subst anc es that  w er e use d i n t he pyr ol ysi s sect i o n. I n t h eor y, N a BH 4 c ont ai ns 10 .8 w t  % h ydr og en a nd r eact s w i th w ater  u nd er  H 2el i mi nat i o n at  ro om tem per ature . S odi u m b oro n hy dr i de has of t en b ee n exa mi ne d as h ydr og enst ora ge m ater i al [ 81] ,[ 82] ,[ 83] ,[ 84] ,[ 85] . B ut  i n real i t y the acc essi bl e w ei ght  p erce nta ge of  h ydr og en i sl ess t ha n 1 0. 8 %. So di um b or on h ydr i d e has po or  w ater  s ol ubi l i t y. T heref ore m ore w ater  m ustb e a dd ed[ 8 6]  w hi ch d ecre ase s the h ydr og en w ei g ht  p erce nta ge . Th e aq ue ous s ol ut i o n be com es basi c af t er  t h e f i r st  el i mi nat i on of  H 2. T hi s l ead s to a sta bi l i zat i on of  N aBH 4. Catal yst s arere qui re d to el i mi nat e mor e H 2. A ba se st a bi l i zes i t  has to be dr i e d to f or m an hy dro us N aBO 2[ 9 1] ,[ 9 2] ,[ 9 3] . T he n the re act i o n f ol l ow s the „m odi f i ed Bay er  pr oces s“[ 94] . I n t hi s proc ess , Mg[ 95]  or  M gH 2[ 9 6] ,[ 97]  i s t he re duci n g a ge nt  an d i t  i s car r i edout  i n a n H 2 atm osp her e. But  t he r eact i o n co ndi t i o ns are e xp ensi ve an d da ng ero us . So N a BH 4 co ul d n ot  be re ge ner ate d on a c om merci al  scal e[ 95] . Th ere are m an y oth era ppr oac hes[ 98] ,[ 99] ,[ 10 0] ,[ 1 01] , f or  exa mpl e th e el ect r ol yt i c proc ess of  Co op er[ 10 2]  w hi ch i s pr omi si ng .T hi s pro cess i s st i l l  under  ex ami n at i on[ 1 03] ,[ 10 4] . S o di um b oro n hy dr i d e w i l l  onl y be a hy dro ge nstor ag e mater i al , i f  i t  can be reg en erate d un der  mi l d c on di t i ons a nd w i th m ana ge abl e c ost s .mat er i al  i n t heory , as i t  w as di scu sse d i n t he c ha pter  pyr ol ysi s of  hy dr i des . At  roo m tem perat ure5 A B i s ai r-stabl e a nd s ol u bl e i n pol ar  s ol ve nt s l i ke w ater[ 10 5] . T o hy drol y ze the AB , aci d must  bea dd ed[ 10 6] ,[ 1 07] . Cat al yst s co ul d al so a ccel er ate th e hy d roge n el i mi nat i o n of a mi no/ amm oni a b oran es ( ch apter  6. 1) . B ut  the re ge ner at i on d oe s not  w ork yet . Al t h ou gh th ere hav e b een at t em pt s to l ow er  th e cost s f or  th e pr od uct i o n[ 10 8] ,[ 1 09] , amm o ni ab oran es , l i ke f ossi l mater i al s.I n 2 00 7 R amac ha ndr an dev el op ed a on e p ot  synt hesi sf or  t h e f orm at i on of  a mi no bor an es f romN H 4[ B( O M e) 4]  un der  mi l d c on di t i ons[ 1 10] ,[ 11 1] . T he a mm oni a t r i bor an e N H 3B 3H 7 p u bl i shed by Ko dam a[ 11 2]  i s a com pet i tor  to th e si mpl e a mmo ni a bora ne a s hy dro ge n stora ge m ater i al , a ndw as f ur th er exa mi ne d as hy dr og en stor ag e mater i al  b y Yo on i n th e ye ar  20 06[ 1 13] ,[ 11 4] . T he hy dro ge n co nte nt  of  t he c om pl ete mat er i al  i ncl udi n g w ater  a nd c atal yst  i s 6.1 w t  % .N a[ B 3H 8]  i s an other  c om po un d c ontai ni ng bor on w hi c h has be en ex ami n ed a s a p otent i al h ydr og en stor ag e mat er i al . Thi s h ydr i d e i s i n cont rast  t o N aBH 4 sol u bl e an d st a bl e i n w ater  an di n g catal yst  Co Cl 2 a nd d el i vers7 .5 w t  % H 2 ( i n 20 0 mi n) . But  t h e “of f -b oar d“ re ge nerat i o n d oes n ot  exi st  b y H aw thor ne a n d hi s w orki n g gro u p. T hes e are st a bl e , no nto xi c an d en vi ron ment al l ycom pat i bl e m ater i al s. The y el i mi nate hydr og en un der mi l d c on di t i ons i n w ater  w i thcat al yst s[ 11 7] . B ut  t he re ge ner at i on h as n ot  be en a cc ompl i sh ed 

yet .I o ni c Li q ui ds  

I oni c Li qui ds are of  hi gh c urre nt  i nt erest  d ue to th ei r  i nterest i n g ph ysi cal  pr op er t i es t hat  l ea d toa v ast  ser i es of  p ote nt i al  appl i cat i o ns . Th e I L` s mel t i ng p oi nt , vi sc osi t y, aci di t y, de nsi t y an d the el ect r i cal  co nd uct i vi t y as w el l  as t he sol u bi l i t y of  gase s vary . Th eref ore co nsi d era bl y de pe ndi n g on th e i on c om posi t i on , c omm on s ol ve nt s may be re pl ace d b y I oni c Li q ui ds . Ma ny sal t s, neut r al com p ou nds as w el l  as gases l i ke C O2 are s ol u bl e i n I Ls an d so , i nt er  al i a, I Ls are use d as sol v ent i n t ra nsi t i on met al  cat al ysi s[ 11 8]  or  or ga ni c synth eses w i th re mark abl e i mpr ov eme nt s[ 11 9] . I n t h eB A SI LTM proc ess t h ey f un ct i on as an a uxi l i ary i n aci d sca ven gi n g. I n e xt ract i ve di st i l l at i on theyar e em pl oye d as a n e nt rai ner . El ect r opl at i n g of  met al s[ 12 0]  i s don e w i th I Ls as an el ect r ol yt e[ 1 21] .6 By var i at i o n of  ani on a nd c at i on th e pr op ert i es of  the i o ni c l i qui d ca n be al tered . T hus a s ui t abl eI L m ay b e pr epar ed f or  al m ost  ev ery a ppl i cat i o n. Acc ordi ngl y m uch ef f or t  w as spe nt  tosy nth esi ze n ew  I oni c Li q ui ds w i th sp eci al  ph ysi cal  pro per t i es[ 12 1] . Am on g the k now n I oni c Li q ui ds , t h ose w i th b oran ate ( =  hy dr i do bor ate b ase d)  ani o ns ar e Th us, C . A . Re ed et  al . esta bl i she d the sy nth esi s of  I Ls w i th bor on r i ch car b oran e ani ons i n of  I oni cLi q ui ds w i th [ C B11H 6 Cl 6] – an d [ C B1 1H 6 Br6] – c ou nter  i on ( Fi g ure 1 a) . An I L of  a n al kyl -st a nn a-cl oso do de ca bor atew i th an i mi d azol i u m cat i on w a s de vel o pe d by L . W ese man n ( m. p . 55 ° C[ 12 3] , Fi gur e 1b) . Z hu et  al . rep orte d the sy nth esi s of  [ cl oso -C B1 1H 1 1] – sal t s w i th 1-p entyl pyr i di ni u m asth e cat i o n w hi ch h ad a mel t i ng p oi nt  of  1 9 °C[ 124]  ( Fi g ure 1 c) . I t  w as rep orted t hat  I Ls w i th the[ ni d o- C 2B9H 12] – ani o n p osses s co nsi der abl y re du ce d mel t i ng poi nt s , i f  comp are d tote mp eratur e I oni c Li q ui ds , w i th a l arge p ossi bl e c hoi c e of  cat i o ns ( ev en Li +  u nd H + [ 12 5] ;i o ni c l i qui ds[ 1 26] . Th e w orki n g gr ou p of  S hree ve al so pre pare d i oni c l i qui ds w i thSi nc e i t s i ncept i o n, t h ere h as b een t he tem ptat i o n to gi v e AI  an d ML i n creasi n gl y m ore a ge ncy . H ow e ver , t hi s sho ul d n ot  be th e g oal  f or  or ga ni zat i ons de pl oyi n g ML t oda y. D ue to al l  t he AI  i nci dent s w e ’re s eei n g, w e f i rml y bel i eve the t e ch nol ogy i sn ’t  mat ure e no ug h. I n st ea d, th e g oal  sh oul d be to m ak e sure h um ans ar e i n t he l o op of  ML- bas ed deci si o n maki ng . H um an i nv ol vem ent  i s i mper at i ve b eca use a n al l  t oo c omm on mi st a ke , as t he qu ote a bo ve hi g hl i ght s , i s f or  f i rms to assum e thei r  res po nsi bl e ML dut i es l i e sol el y i n tec hn ol o gi cal  i mpl eme ntat i o n. Thi s ch apt er  pres ent s m any of  the h uma n c onsi d erat i o ns that  c om pa ni es must  a d dress w h en bui l di n g out  th ei r  ML i nf rast ruct ure . We ’l l  st ar t  w i th orga ni zat i on al  cul t ure th en s hi f t  the di scus si on to how  pract i t i on ers an d co n sumers c an get  m ore i nv ol ved w i th th e i nner  w orki n gs of  ML syst ems . Th e ch apt er  cl oses by hi g hl i ght i n g so me rec ent  e xam pl es of  e mpl o yee act i vi sm an d dat a j our nal i sm rel at e d to the re sp onsi bl e pract i c e of  ML . A key t o t he successf ul  mi t i gat i on of ML  ri sks i s real  accountabi l i t y.  Ask yoursel f:  “Who t rac ks t he way ML  i s develo ped an d used 

at  my organi zat i o n? Wh o i s responsibl e for a udi t i ng our ML  syst ems ? Do we have AI i ncident  resp ons e pl ans?” For man y orga ni zat i ons t oda y,  t he answers may b e,  “no on e” and,  “n o. ” If no one’s j ob i s on t he l i ne whe n an ML  syst em fai l s or get s at t acked,  t hen i t ’s possibl e t hat  no one at  t hat  organi z at i on real l y cares ab out  ML  ri sks.  T hi s i s a primary reason that  many l eadin g fi nanci al  i nst i t ut i ons now em ploy chi ef mo del  ri sk offi cers.  Smal l er organi zat i o ns may n ot  be abl e t o spare an e nt i re ful l -t ime employee t o moni tor ML  mod el  ri sk.  St i l l ,  i t ’s essent i al  t o have an i ndividual  or gro up resp onsi bl e an d held acc ou ntabl e i f ML  syst ems mi sbeha ve.  In our exp eri ence,  i f an organi z at i on assum es ever yone i s acc ounta bl e for ML  ri sk and AI i ncident s,  t he real i t y i s t hat  no one i s accou ntabl e.  Do gf oo di ng i s a t erm from software engin eering t hat  refers t o an org ani zat i on usi ng i t s own software,  i . e. ,  “eat i ng your own do g food. ” In t he cont ext  of resp onsibl e ML ,  dogf oo ding bring s an addi t i on al  l ayer of alpha or pre al pha t est i ng t hat  i s oft en ne gl ect ed i n t he mad d ash t o profi t  from a percei v ed ML  gold rus h.  More import ant ly,  do gfoo ding ca n bring l egal  an d ri sk quest i o ns t o t he forefront .  If an organi zat i o n has de velop ed an ML  syst em that  op erat es i n a mann er t hat ,  say,  vi ol at es t hei r own privacy pol i ci es,  or i s meant  t o be dec ept ive or mani pul at i ve,  emplo yees en gagin g i n dogf oodi ng might  fi nd t hi s obj ect i o nabl e an d rai se con cerns.  Dogf oodin g can brin g t he Golde n R ule i nto ML :  i f you wouldn’t  use an ML  syst em o n yours el f,  you prob ably sh ould n ot  use i t  on others.  We’l l  di scuss diversi t y i n t he next  sect i o n,  but  i t ’s worth ment ioning here t hat  i f your t eam i s more divers e,  dogfo odin g i s more l i kely t o det ect  a wider vari ety of obj ect i on abl e (or pro bl emat i c) features.  T he not ion of effect i ve c hal l eng e was born o ut  of t he pract i ce of model  g over nanc e.  Whe n bui lding co mplex ML  syst ems,  effect i ve c hal l enge ro ug hly says t hat  on e of t he best  ways t o guar ant ee g ood res ul t s i s t o act i vely chal l enge an d quest i o n st eps i n t he ML  develo pment  pr ocess.  T here are more t ech nical  aspe ct s of effect i ve chal l en ge,  which wi l l  be addresse d i n C hapter 4.  St i l l ,  a cul t ure t hat  encourages seri o us que st i oning of ML  desig n choi c es wi l l  be more l i kely t o cat ch probl ems b efore t hey b al l oon into AI i ncident s.  Of course,  cul t ural  effect i ve c hal l enge c ann ot  be abusi ve,  and i t  must  apply t o ever yon e dev elopin g an ML  syst em,  even so- cal l ed “roc kst ar” en gineers an d dat a sci ent i st s.  In our exp eri ence,  cul t ural  effect i ve ch al l enge pr act i ces sho uld be st ructure d,  such as wee kly meet ings wher e al t ernat i ve desig n and implem entat i on c hoi ces are q uest i one d and di sc usse d.  the tec hn ol og y i sn’t  m ature en ou gh . I nst e ad , t he go al  sho ul d b e to ma ke sur e hu ma ns are i n t h e l oo p of  ML -b ase d d eci si on m ak i ng. H u ma n i nvol v eme nt  i s i mperat i ve bec aus e a n al l  t oo co mmo n mi stak e, a s t he q u ote ab ov e hi g hl i ght s , i s f or  f i rms to assum e thei r  resp o nsi bl e ML dut i es l i e sol el y i n t ec hn ol ogi c al  i mpl eme ntat i o n. T hi s ch apter  pres ent s ma ny of  t he h uma n co nsi d erat i o ns that  c om pani e s must  a ddr ess w h en b ui l di n g out  t h ei r  ML i nf rast ruct ure . 

We ’l l  st ar t  w i th organi zat i o nal  cul tur e the n shi f t  t he di sc ussi o n to h ow  pra ct i t i oners a nd c on sum ers ca n g et  more i n vol ve d w i th the i n ner  w orki ngs of  ML syst e ms. Th e cha pter  cl os es b y hi g hl i ght i n g som e rece nt  ex ampl e s of  em pl oy ee act i vi sm a nd data j o urn al i sm rel at ed t o the res po nsi bl e pract i ce of  ML. A key t o t he su ccessful  mi t i gat i on of ML  ri sks i s real  accounta bi l i t y.  Ask yoursel f:  “Who t rac ks t he way ML  i s develop ed an d used at  my or gani zat i o n? Wh o i s responsibl e for a udi t i ng our ML  syst ems ? Do we have AI i ncide nt  respons e pl ans?” For man y orga ni zat i ons t od ay,  t he answers may b e,  “no on e” and,  “n o. ” If no one’s j ob i s on t he l i ne whe n an ML  syst em fai l s or get s at t acked,  t hen i t ’s possibl e t hat  n o one at  t hat  organi z at i on real l y cares ab out  ML  ri sks.  T hi s i s a primary reason that  many l eadin g fi nanci al  i nst i t ut i ons now em ploy chi ef mo del  ri sk offi cers.  Smal l er organi z at i ons may n ot  be abl e t o spare an ent i re ful l -t ime employe e t o moni tor ML  model  ri sk.  St i l l ,  i t ’s essent i al  t o have an i ndivid ual  or grou p respo nsibl e and h eld acco unta bl e i f ML  syst ems mi sbehave.  In our e xperi en ce,  i f an organi zat i o n assumes e very one i s acco untabl e for ML  ri sk and AI i ncide nt s,  t he real i t y i s t hat  no one i s accountabl e.  Dogf ood i ng  i s a t erm from software engineeri ng t hat  refers t o an orga ni zat i on usin g i t s own software,  i . e. ,  “eat i ng your own dog fo od. ” In t he co nt ext  of respo nsibl e ML ,  dogfo odin g brings an a ddi t i onal  l ayer of alp ha or prealp ha t est i ng t hat  i s oft en negl ect e d i n t he mad das h t o profi t  from a percei ve d ML  gold rush.  More imp ort ant l y,  dogf oodin g can brin g l egal  and ri sk q uest i ons t o t he forefro nt .  If an organi zat i on h as devel ope d an ML  syst em that  operat es i n a ma nner t hat ,  say,  viol at es t hei r own privac y pol i ci es,  or i s meant  t o be dece pt ive or manip ul at i ve,  employe es eng aging i n d ogfo odin g might  fi nd t hi s obj ect i onabl e an d rai se conc erns.  Dogfo odin g can brin g t he Golden R ule i nto ML :  i f you would n’t  use an ML  syst em on yoursel f,  yo u prob ably sh ould not  us e i t  on others.  We’l l  di scuss diversi t y i n t he next  sect i o n,  but  i t ’s worth ment ioning here t hat  i f your t eam i s more divers e,  dogfo odin g i s more l i kely t o det ect  a wider vari ety of obj ect i ona bl e (or probl e mat i c) features.  T he not ion of effect i ve ch al l enge was b orn out  of t he pra ct i ce of model  g overn ance.  W hen b ui lding co mplex ML  syst ems,  effect i ve ch al l enge ro ughl y says t hat  one of t he b est  ways t o guara nt ee go od resul t s i s t o act i vely chal l en ge an d quest i on st e ps i n t he ML  develo pment  pro cess.  T here are more t ech nical  aspect s of effect i ve c hal l eng e,  which wi l l  be addressed i n C ha pter 4.  St i l l ,  a cul t ure t hat  encourages seri o us quest i o ning of ML  desig n choi c es wi l l  be more l i kely t o cat ch probl ems bef ore t hey b al l oon into AI i ncident s.  Of course,  cul t ural  effect i ve ch al l enge c annot  be a busive,  an d i t  must  apply t o every one d evel o ping an ML  syst em,  even so-cal l e d “rockst ar” e ngi ne ers and d at a sci ent i st s.  In our experi en ce, T he  t et r a hy dr ob or at e  a ni on  [ B H4] − wa s  f ir s t  m ent io ne d at  b y Sch les in ger  i n 193 9 . He  h eat e dt r im et hy la lu m i num  t o  8 0 ° C in  a n exc es s  of  di bor a ne[ 150] . Th e pr o duct  was  s u pp os ed  t o  b eA l B3 H12 .  

Subs equ ent  r es ult s  s h o we d t he  com pos it io n Al( BH 4) 3[ 1 51] . The  y ie ld ed  co m po un d w as  

dcr i bed  as  a  s ol id  t h at  s t ar t s  b ur n in g w it h  a  b lu e f lam e im m ed iat e ly  wh en  ex pos ed  t o  a ir . Ge ner a l ly , s ever al  s im i lar it i es  wit h di bor a ne  wer e  obs er ved:  e .g . Hy dr o lys is  l eads  t o  b or o ni cac id ,a lum in um hydr oxi de  a nd  hy dr o gen .  Fur t her  r e lat e dco m po un ds , e .g . , Be( BH 4) 2[ 1 52]  an dLi B H4[ 1 53]  wer e  s y nt hes iz ed  an d char act er iz e d.  In  19 43  t h er e wer e r e por t s  o n t he  s y nt hes is  of ( C H3) 2G aB H4[ 154] a nd  t hr ee  ye ar s  lat er  F in ho ld  p ub l is he d  t he  s y nt hes is  of  N a[ B H4]  wit hi n hi s  Ph Dt he s is [ 1 55] . Th e cr ys t al  s t r uct ur e  of  Na[ B H4]  was  s o lv ed  by  S ol dat e  in  t he  f o l lo w ing  y ear [ 1 56] .  Og gco nf ir m ed  t h is  s t r uct ur e w it h  1 1B- NM R s t ud ies [ 1 57] . Sch les in ger  i nves t igat ed  t h e hydr ol ys is  a nd hydr oge n r el eas e of  Na[ BH 4]  as  we l l as  it s  ab i lit ies  as  r e duc in g age nt [ 83] . [ BH 4] −  is  t h e s im pl es t  

bor o n hy dr i de  an d is oe lect r ic  t o m et h ane  a nd  [ N H 4] + an d als o t et r ah edr a l . Be( B H 4) 2 an dA l( B H4) 3 ar e m or e  c ova le nt  a nd  m or e  vo lat il e t ha n t he  al ka li  m et al  s a lt s . Sod i um  bor ohy dr i de  i s s o lu bl e in  s o di um  hy dr ox i de  s o lut io ns ,  T HF  a nd  G ly m e . It  is  us ed  as  a  hy dr i de  s o ur ce  a gent  inor gan ic  r e act i ons .  Th e E0  f or  [ B H4] −/ [ B( O H) 4] −  in  a lka li ne  e nv ir on m ent  is  −1 .2 4 V.  T her ef or e Na[ BH 4]  is  us e d f or  t he  cur r ent - l es s  de pos it ion  of  pr ot ect ive  m et al  c oat ings [ 158] . In  r ec ent  year s ,  b or o hydr id es  hav e r ega in ed  at t e nt i on  as  p os s ib le  ca nd idat es  f or  hydr oge ns t or age .  O n t he  d o wns id e,  Na[ B H4]  s h o ws  ne ar l y no  s o lu bi l it y in  c om m on  or g an ic  s o lve nt s , m ak in g it  les s  s uit a b le  f or  hom og eno us  r eact io ns . To  ov er co m e  t hi s  dis adv ant a ge  wes y nt he s iz ed  s ev er a l io ni c l iq ui ds c ont a in in g [ BH 4] − . Th is  s ynt h es is  is  de pi ct ed  in  t he  f o l lo w ing cha pt er . Go od  s ol ub il it y  i n or ga n ic  s ol vent s  a s  we l l as  s o lve nt  f r e e r eact io ns  due  t o  lo w  m e lt i ng po int s  was  m ade  p os s ib le . Som e of  t he  m e nt i one d s alt s  have  a lr e ady  b ee n pu bl is h ed , i .e . ,[ BM IM ] [ B H 4] [ 128] ,[ 1 26]  i n a cet o nit r i le;  [ C( N H2) 3] [ BH 4] [ 12 9] an d[ N( Bu) 4] [ BH 4] [ 159]  in  l iq ui d  am m on ia . One  y ear  af t er  our  f ir s t  pub l icat io n[ 16 0] ,  i n 20 13a n Au s t r ia n com pan y,  Pr oi on ic , pu bl is hed  a pat e nt  f or  t he  m et a l  f r ee  s y nt hes is  of  t et r a hydr ob or at e  i on ic  l iq ui ds  t hat  i s  c ur r ent ly  p er f or m e d in  Gr az  in  1 00  kg  s c al e[ 13 1] .  Our  i nde pe nd ent  pat h way  was  a  m et at hes is  r eact io n  wit h  Na[ BH 4]  t o obt ai n t he  de s ir ed  pr o duct s .  F ir s t  exp er i m ent s  wer e c on duct ed  i n s ever al  or gan ic  s o lv ent s , in  w hic h [ Cat ] +[ B H 4] – is  s o lu bl eb ut  Na X an d Na BH 4  ar e  i ns o lu b le . Ho w ever ,  af t er  a  r eact io n t im e of  e ig ht  ho ur s  w it h  var i ous c at i ons  i n Et 2 O an d TH F,  n o 11 B- N M R  s ign al  was  o bs er v ed . N ext ,  C H 2C l2  was  us ed  wit h [ BM P] Cl as  c at i on  s o ur ce .  To  im pr ove  t h e s ol ub i lit y ,  t he  r e act i on  m ixt ur e w as  pl ace d in  a n ult r as o nic  

bat h  an d  af t er  24  h  [ B H4] – s ig na ls  w er e  ob s er ve d  ( 1H- ,  11 B- NM R) .  H o wev er ,  t h e NM R- i nt egr at i ons ho we d cat i on- exces s :  [ BM P] +: [ B H4] –  =  1 . 0: 0. 6.  M or e  Na[ B H4]  was  ad de d,  t o  s hif t  t he equ i li br i um  t o  t he  B IL  s ide .  Af t er  a not her  ho ur  i n t h e u lt r as o ni c  bat h ,  an  NM R s pect r u m  s ho w eda n in cr eas in g am o unt  of  s o lu bl e [ BH 4] – , but  s t i l l no  f u ll  co nver s i on . The  pr oce dur e w as r ep eat e d,  unt il  t h e a m o unt  of  t he  [ B H4] –  in  t he  NM R s am p les  r em ai ne d c ons t ant  ( 77 .5  %;  i .e .ha l ide  c ont e nt  22 .5  %) . W e  t h en  t ur n ed  t o  i nor g an ic  s o lve nt s :  W at er  at  a  p H lar ger  t ha n 12  is  k no wn  t o  b eco m pat ib le w it h  d is s ol ved  [ B H4] –.  T hus ,  C H2 Cl 2 wa s  a dd ed  t o  t he  bas ic  aq ueo us  r eact io n m ixt ur e  of  N a[ B H4] a nd  [ Cat ] X,  t o  q uic kl y ext r act  t he  io nic  li qu id . Af t er  r em ova l  of  t he  vo lat i les  of  t he  C H2 C l2 ph as e ,a  wh it e  p o wder  of  m a in ly  C at [ B H4]  r em a in ed .  H o wev er ,  t h e 1H- NM R- i nt egr at i on  s h o wed  cat io nex ces s ,e .g .[ B M P] +: [ B H4] – = 1. 00: 0 .8 2.  Qu al it at ive  a nal ys is  s ho we d t he  pr e s en ce  of  con s i der a bl eha l id e im p ur it ies  ( A gX  f or m at i on) . F ur t h er  s y nt h es es  s h o wed  t y pic al  h al i de co nt ent s  of  1 8 t o25  % ( e. g. ,  [ EM M I M ] + an d [ Pr op M P ip] + .  M a xim um  [ B H4] –  c ont e nt :  8 2 %) .Af t er  s ever a l  f ut il e at t em pt s  t o  o pt im iz e t he  aq ue ous  r o ut e,  we  f o un d t hat  N a[ B H4]  is  r ea di lys o lub le  in  l iq ui d  am m on ia  ( N H3( l) )  at  2 00  K . Af t er  a dd it i on  of d ic hl or om et ha ne  s o lut io n of [ Cat ] + X–  t o  a n am m o ni a s o lut ion  of  Na[ B H4]  a nd  r em ova l of  t he  N H 3 s ol vent  p ar t ,  p ur e[ C at +] [ B H4] – s alt s  wer e  is o lat e d ( eq uat i on  1 ,  cor r e ct  el em e nt al  a na lys es ) ,  of  w h ich  o nl y ( 1)  wit ha  m .p . of  80  ° C  q ual if ied  as  a  t r u e IL .  I n 200 8 W a ng et  al .[ 1 28]  r ep or t ed  t h e s ynt h es is  of  [ B M IM ] [ B H4]  i n acet o n it r i le  as  a  s o lve nt .  W e wer e not  ab le  t o  r e pr od uce  t h is  l it er at ur e  pr oce dur e:  af t er  2 4 h s t ir r i ng , on ly  a  p ar t  of  Na[ B H4] w as  dis s o lve d,  in  co nt r as t  t o t he  co m p let e ly  d is s o lv ed  cat io n s our c e [ BM IM ] + Br – . An  int e gr at ion of  t he  s i gna ls  i n t he  1 H- N M R  s p ect r um  led  t o  t h e c on cl us i on  t hat  6 0 %  m or e  [ BM IM ] + t h an BH 4] −  ha d be en  d is s o lv ed . Pr o bab ly  t h e r eacƟ on  is  a t w o- ph as e  ch em ica l eq ui li br i um  –  s i m i lar t o  t h e on e obs er ve d by  us  i n w at er  an d CH 2C l2  –  t h at  a ct s  as  a s our c e of  [ B H 4] – in  a cet o nit r il e .Th is  p has e  t r a ns f er  cat a lys is  cou ld  e xp la in  t he  s ucces s f ul  or gan ic  r ea ct i ons  s ket che d in  t h ep ub li cat i on[ 128] . But  t h is  m i xt ur e  is  by  no  m eans  t h e r ep or t ed  p ur e  I L :  C H3 C N is  ne ed ed  f or  t hes t ab il iz at io n of  t he  an io n  an d c at i on:  D ur i ng  t he  r e m ov al  of  t he  s olv ent , [ BH 4] –  r eact s im m ed iat ely  w it h  t he  ac id ic  C- 2 pr ot o n of  t he  cat io n t o giv e a c ar b ene- a dd uct [ 1 62]  L- B H3( L  =  r es p ect i ve  car ben e)  w it h  co nco m it ant  f or m at io n of  H2 ,  f ol l o wed  b y r at her  co m p lexs ubs eq uent  r e act i ons .  Acc or d in g t o our  i nves t ig at i ons , ever y IL - cat io n w it h  a  g ent ly ac id icpr ot on ,  e .g . [ BM IM ] +  or  [ HM IM ] +  cat io ns ,  r e act s  w it h  t h e [ BH 4] –  bas e . E ve n t h e [ BPy] + c at i on get s  at t ack ed  by  [ B H 4] – f or m in g BH 3- ad duct s  of  n eut r a l  t et r a hydr opyr id in e But yl- NC 5H 8 ( s ee NM Rs  and  as s ig nm e nt  i n exp er im ent a l  s ect io n 3. 1. 5) .  T hus ,  as  im por t a nt  as  pr ev ent in gi ncor por at io n of  an  ac id ic  cat io n int o a [ B H 4] –- IL ,  is  t o  a vo id  a  cat io n w hic h can  e as i ly  b er ed uce d . The  [ B M I M ] + s our ce  us e d i n t he  l it er at ur e[ 9]  was  a  br o m i de . Th is  is  pr ob lem at ic ,b eca us e  t h e s ol ub il it y  

of  t h e in  s it u  f or m e d  N aBr  by- pr o duct  an d  t he  s o lu b il it y  of  N a[ B H4]  ar ec om p ar ab le  a nd  t h e eq ui li br i um  is  n ot  com pl et e ly  s h if t ed  t o  t h e pr od uct  s i de . Si nce  Na[ B H 4]  is we ll  s o lu b le  i n neat  a nd  l iq u id  N H3  at  2 00  K  b ut  not  i n C H2C l2 ,  l iq u id  N H3  is  t he  b es t  s ol vent  f or t he  m et at hes is  an d C H2C l2  t h e bes t  f or  t he ext r act io n.  T he  us e of  [ Cat ] +  as  a  ch lor id e s alt  is r ec om m e nd ed , s im pl y beca us e  t h e f or m e d Na Cl  is  les s  s ol ub le  i n d ich lor om et han e t han  Na Br ,s pec ia l ly gi ven  t h e ear li er  pr es e nce  of  NH 3 t hat  m ay  lea d t o m et as t ab le  an d s o lub le  W e  pr e par ed  d iff er e nt  Io nic  L iq ui ds  w it h  [ B H 4] − an io n.  T he  s a lt s  [ BM P] [ BH 4] ,  [ B M M IM ] [ B H4]  a nd[ Pr opM Pi p] [ B H4]  co ul d be  f or m ed  wit ho ut  ha li de  im pur it i es  f r om  a  s o lut io n m ixt ur e  of NH 3( l iq ui d) / C H2 Cl 2.  T he  Ion ic  L iqu i ds  ar e  s o lu bl e in  we akl y po lar  s o lve nt s  l ike  d ic hl or om et ha ne .T he  I on ic  L iqu id  dis s oc iat es  in  t w o  d if f er ent  wa ys .  T he  f ir s t  o ne  is  t h e dis s oc iat io n of  o ne  a ni on  

and  o ne  cat io n pa ir  t o giv e a s in gl e an io n an d a  s in gl e c at i on . Th e s eco nd  way  is  w her e  t wo pa ir s  of  an io n a nd  cat io n  d is s oc iat e t o g iv e on e s in gl e c at i on  a nd  o ne  pa ir  of  on e c at i on  a nd  t wo  

ani on ,  or  v ice  ver s a.  T his  was  c onc lu de d f r o m  c on duct iv it y  m ea s ur e m ent s  of  a  s er ia l di l ut i on  of [ B M P] [ B H4]  i n C H2 Cl 2 a na lyz ed  wit h t he  Fu os s  Kr a us  The or y . Th e Io ni c  L iq u ids  wit h [ BH 4] −  an io n  

ar e als o go od  r ed uc ing  a gent s  in  or g an ic  r eact io ns . For  t he  s t er eo  s e lect ive  r e duct io n  of 2 −hy dr ox y Ket o nes  t o  f or m  s y n-  a nd  a nt i- Di o ls ,  t h e Io ni c  L iq u id  [ BM P] [ B H4]  w as  t es t e d[ 16 3] .  T her e act i on  was  co m par ed  wit h Na B H4  as  r ed uc ing  a gent .  Th e us e  of  Ion ic  L iq ui d ins t ead  of Na[ BH 4]  le ads  t o  ver y hi gh  y ie lds  an d  i n s om e  cas es  t he  s t er eo  s e lect iv it y w as  eve n bet t er . M or e over ,  t he  g oo d s ol ub i lit y  of  t h e Io ni c  L iq u id  i n CH 2C l2  s im p l if ie d t he  r ea ct i on . s t ab le  b or a ne[ 2 18] ,[ 219] at  t hat  t im e.  T he  po s it io ns  of  t en  bor on  at om s  an d f our  hy dr o gen  at om s wer e det er m i ned;  t he  pos it i on  of  t he  r e m ai n ing  t e n hydr oge n  at om s  was  e s t im at ed .  B 10 H14 cr ys t a ll iz e s  w it h  C 2v s ym m et r y.  T he  b as ic  s t r u ct ur e  is  an  oct a dec ah edr o n . The  b or o n at om s  ar eon  t h e ver t ices  of  t he  p o lyh edr o n , one  v er t ex  is  e m pt y .  Th e pr e par at io n of  hi gher  b or a nes d ep end ed  o n t he  pr epar at i on  of  d ib or an e w it h  h ig h yi el ds  an d pur it y.  S ch les ing er  an d his co wor ker s  dev el op ed  ne w  pr ep ar at i on  m et ho ds . T he  f ir s t  was  t h e r ed uct i on  of  b or ont r ic hl or i de w it h  hy dr og en[ 2 20] . Th e y ie l d of  d i bor a ne  i n t his  r e act i on  was  5 5 % .  A not her  pr e par at io n of  B2 H6 w as  t he  hy dr og en at i on  of  bor onf lu or i des  wit h L i H . T he  y ie ld  of  t h is  r eact io n w as  near ly  

100  %[ 22 1] .  C lar ke  an d Pea s e  d id  ex per im e nt s  t o un der s t a nd  t he  k in et i cs  of  t h e pyr oly s is  of  B 2H 6i n 19 51 . The  pyr o lys is  w as  des cr i bed  as  a  f o ur  s t ep  r ea ct i on  eq uat io n w it h  t h e pr od uct B 4 H10[ 222] .  Br a gg , M cC ar t y and  Nor t on  a ls o  ex am ine d t he  k inet ics  of  t he  pyr o lys is  an d des cr ib edt he  r eact io n w it h  a n eq uat ion .  I n  t h is  r eact ion ,  B 5H 9,  B5 H11  a nd  h ig her  b or an es [ 22 3]  w er epr epar ed .  O ne  ye ar  lat er ,  t h e s t r uct ur e  of  B 5 H9  was  pu bl is hed  by D ulm age[ 224] .  B4 H1 0  has  a  lo wm elƟ ng  po int  ( −1 20  ° C) . T he  cr ys t al  s t r uct ur e  was  p ub lis he d in  1 95 3[ 22 5] ,  whe n  m et h ods  wer ekn o wn  h o w t o car r y  o ut  m eas ur em e nt s  at  lo w  t em per at ur es [ 226] . Th e s t r uct ur e  is  an  oct ahe dr o n wit h bor on  at o m s  at  t he  ver t ices .  T wo  v er t ic es  ar e  not  o ccu pi ed . St ar t i ng  f r om  B 10 H1 4,  Sc ha ef f er w as  ab le  t o  pr epar e t hec om p ou nd B10 H 12 ∙2C H 3C N.  It  w as  ana lyz ed  wit h el em e nt a l ana lys is  an d IR  s p ect r os c opy[ 227] .  Th e cr ys t a l s t r uct ur e of  t h is  co m po un d was  s olv ed  b y L ips com b an dRe dd y[ 22 8] .  [ B1 0 H12] 2−  is  lik e B1 0H 14  a n okt a deca he dr o n.  T he  b or on  at om s  ar e  p lac ed  at  t he ver t ices  ex cept  f or  o ne  ver t e x w hi ch  is  n ot  occ up ied .  T his  was  t h e f ir s t  r oom  t em per at ur e  a nda ir  s t ab le  b or o n c om pou nd .  W hen  [ B 10 H1 2] 2−  was t r e at ed  w it h  ba s es , a ne w  b or on  c om p ou nd[ B 10 H1 0] 2−  was  f or m ed  [ 22 9] .  T hr ee  y ear s  l at er ,  t h e cr ys t a l s t r uct ur e of  t he  co pper  s a lt  of  [ B1 0H 10] 2 − was  p ub lis he d[ 23 0] . In  1 960  t h e bor ane  w it h  12  b or o n at om s  [ B 12 H1 2] 2−  was  i s o lat e d and  a na lyz ed[ 2 31] . T he  ex is t e nce of  t his  c om p ou nd  ha d  be en  pr ed ict e d f ive  ye ar s  bef or e[ 23 2] .  T he  ge om et r y of  t his  b or o n c lu s t er is  bas e d on  t h e ico s ah edr on  s t r uct ur e . Ever y  v er t ex  is  o ccu pi ed  by  a  b or o n at om .  A  n e wm et h od  of  pr epar at i on  wit h bet t er  y ie lds  a nd  p ur it ies  wer e pub l is h ed  by  E l lis ,  G ai nes  u ndS cha eff er  in  1 96 3[ 23 3]  a nd  b y M i ll er ,  M i ll er  an d M ueƩ er Ɵes [ 234] .  Th e laƩ er  pr ep ar ed  [ B 12 H1 2] 2− w it h  d ib or an e or  [ B3 H8] −  as  s t ar Ɵ ng  m at er i als  a nd  m et al  b or o n hydr i de . The  m et ho d dev el op ed by  El l is  is  a  r ea cƟ on  of  d ibor an e w it h  Na[ B H4]  f or m in g [ B3 H8] −  as  a n int er m e di at e . T he  n ext  s t ep is  pr o ba bl y a  dis pr o por Ɵ on aƟ on  of  oct ahy dr ot r ibor at e  t o  f or m  B 5H 9 an d [ BH 4] − . The  r e acƟ on  of t h es e  b or o n c l us t er s  r es u lt s  i n t he  f or m aƟ o n of  [ B1 2H 12] 2 −[ 22 b]  or  t he  d is pr opor Ɵ o naƟ o n of [ B3 H8] − t o f or m  [ B12 H1 2] −  an d  [ B H4] −[ 2 35] .  alr ea dy f or m e d [ B3 H8] −  t o  g ive  [ B 9 H14] − a nd  H2 .W hy  do es  it  de pe nd  o n t he  cat io n,  wh et her  h ig her  b or an es  ar e  f or m ed  or  n ot ? W e  ca n obs er vet he  f or m at io n of  di bor ane  af t er  t wo  d ays  i n t he  u lt r as on ic  bat h in  t h e gas  ph as e . But  t h e s ig na lof  [ B2 H7] − in  t h e 11 B- N M R  s p ect r um  ar os e  af t er  2 4 hour s  in  t h e ult r a s on ic  b at h . So  we  as s u m e  

t hat  B2 H6  i s  f or m ed  o ut  of  [ B2 H7] − .  M a ybe  t h e [ B2 H7] − a n ion  is  s t ab il iz e d  by  t h e c aƟ on . It  is pos s i bl e t h at  [ B2 H7] −  f or m s  c ont a ct  io n pa ir s  w it h  t h e c aƟ on  [ B M M IM ] + . Th is  wou l d r e du ce  t hef or m aƟ on  of  d ib or a ne . An d w it h  les s  d ib or an e t he  f or m aƟ on  of  [ B9 H1 4] −  is  pr eve nt e d.  A not her p os s ib il it y  i s  t hat  t he  m et hy l gr ou p in  [ B M M IM ] +  c ou ld  b e depr ot o nat e d at  t he  C- 2  p os it io nb et wee n t he  n it r og en  at om s . A s or t  of  c ar b ene  int er m ed iat e c ou ld  b e f or m e d.  In dic at i ons  f or t h e de pr ot o nat io n ar e  t he  H/ D  e xcha ng e des cr ib ed  i n cha pt er  3 .2 . Th is  car b en e c ou ld  f or m  BH 3ad duct s .  T his  wo ul d le ad  t o  l o wer  am ou nt s  of  di bor a ne  a nd  n o or  les s  p os s ib il it ies  t o  f or m [ B 9 H14] − w it h  [ B3 H 8] −.  T he  f or m aƟ on  of  B 5H 9 l ike w is e  d epe nds  o n  t he  caƟ o n t hat  was  us ed . AŌ er t h e r eact io n m ixt ur e  N a[ B H4]  an d [ NB u4] Br  w er e s o lve d in  C H 2C l2  an d  p lace d  i n t he  u lt r as o ni cbat h f or  f ive  d ays , t he  s i gna ls  of  B 5H 9 c ou ld  b e obs er ve d w it h  lo w  i n t ens it y in  t h e 11 B- N M Rs pect r u m  at  − 13 .4  p pm  an d −5 3. 3 ppm  . W h en  t he  c aƟ on  was  [ BM M I M ] + , no  r es ona nce  of  B 5H 9co ul d  be  o bs er ved .  It  was  p ub li s he d t hat  [ B3 H8] − dec om p os es  at  8 0 ° C[ 22 d] .  In  t he  u lt r as on ic  bat ht h es e  t em p er at ur es  co ul d be  r ea che d in  s om e  p lac es . It  is  p os s i bl e t hat  t he  o ct ah ydr ot r ib or at e cou l d dec om p os e  t o  f or m  B 5H 9 an d [ BH 4] − . But  B 5H 9 is  a ls o  f or m ed  dur i ng t he  pyr o lys i s  of d ibor an e ( m ent ion ed  i n  t h is  int r od uct i on) . So  t he  f or m at i on  of  B 5H 9 cou ld  dep en d li ke w is e  o nt he  f or m at i on  of  d ib or an e .I n t he  11 B- NM R  s pect r u m  of  t h e r eact io n w it h  [ N( Bu) 4] Cl  a nd  Na[ B H4]  in  C H2 Cl 2 t her e  ar e t hr ee ot her  dou bl et s , if  t he  r eact io n m i xt ur e  was  p lac ed  i n t he  u lt r as on ic  bat h f or  s ix  da ys .  In  t h e11 B− CO SY  s p ect r um  t h e s ig na ls  at  +6 .7  p pm ,  − 4 .9  pp m  and  − 35 .3  p pm  s h o w cr os s p eaks  t o  o ne anot her . W e  c ou ld  n ot  as s ig n  t hes e s ig na ls  t o a bor on  co m po un d ( F ig ur e  3 0) .  at  4 .0 7 ppm  s h o ws  a  cr os s pea k t o t h e car b on  s i gn al  at  12 0. 9  pp m  ( r ing  A and  C)  in  t he  lo ngr a nge  cor r el at i on  ex per im e nt .  In  t he  1 H- NM R acc ide nt l y t w o of  t h em  ha ve  t he  s a m e  ch em i cal s h if t .  T hes e  s ign als  ar e t he  r es o na nces  of  C H2  gr ou ps  of  t he  but yl  c hai n  at  t he  s ec on d nit r oge nat o m  in  t h e im id az o li um  r i ng . So  t he  b as i c  s t r uct ur e  of  t h e im id az o li um  r i ng  has  not  be enat t acke d . Al l  t he  t hr ee  s i gna ls  of  t he  m et hy l gr o ups  at  3 .81  ppm  ( A) , 3. 92  p pm  ( B)  an d 3. 82  p pm ( C)  s ho w  cr os s p eaks  t o  s o m e  ot h er  13 C s ig na ls  in  t h e lo ng  r a nge  ex per im e nt ,  t h e s ig na l of  t hem et hy l gr o up  of  im id az o l ium  ( A)  t o  1 43 .6  p pm ,  t h e s ig na l of  t he  m et hyl  gr ou p of  im ida z o li um ( B)  t o  14 5 .0  pp m  and  t h e s ig na l of  t he  m et hy l gr ou p of  im ida z o li um  ( C)  t o 147 . 4 ppm .  Th is quat er nar y  c ar bo n  at om  is  t he  o ne  bet w een  t h e t w o nit r oge n  at om s .  S o t h e im id az o l ium  r i ng  is com pl et e , but  o nly  t h e qu at er n ar y  car b on  at om  at  143 . 6 ppm  ( r i ng  A)  s h o ws  r es o nan ce  i n t he1 3C ,1 H  l ong  r a nge  c or r el at i on  t o  a  s i ng let  i n t he  pr ot on  NM R at  2. 67  pp m .  T he  pr ot on  s ig nal  at  

2.6 7 pp m  s ho ws  a  1J ( 1 3C ,1 H)  cr os s peak  at  9 .9  ppm  i n t he  1 3C  N M R  s p ect r u m .  Int e gr at i on  of  t h es i gna l  of  t he  m et hy l gr ou p at  3. 81  p pm  an d t he  s i gna l  at  2 .67  ppm  r es ult s  in  a  r at i o of  3: 3 . S o  

t his  s i ng let  at  2 .67  p pm  b el ongs  t o  t h e m et h yl  gr oup  c on nect e d t o t he  car bo n at om  b et w ee nt he  t wo  n it r o gen  at om s  i n t he  im i daz o l ium  r ing .  R ing  A is  t he  c om p let ely  u nch an ged  [ B M M IM ] +c at i on .  R ing  ( B)  a nd  ( C)  w er e  at t ac ked  at  t h e m et hy l  gr o up  i n  po s it io n C- 2  bet w een  t h e t w on it r og en  at om s . W e  wer e  n ot  ab le  t o  i de nt if y  t h e s ubs t it ue nt  at  t his  p os it i on  f or  r i ng  ( B)  an d( C) .  It  is  def in it e ly  n o CH 2 gr o up  or  an y ot her  gr ou p c ont ai ni ng  a  hy dr og en  at o m .  An int er m ed iat e m us t  hav e be en  f or m ed  whe n [ B3 H8] −  r e act e d w it h  [ B H4] − a nd  in  s it u gen er at e d H2 . Th is  int er m e di at e  m us t  at t ac k t he  i m i daz o l ium  r ing  at  t h e m et hy l  gr o up  i n C- 2  p os it io n .Be al  wr ot e in  a n ar Ɵc le  a bo ut  t he  f or m aƟ o n of  t he  an io n  [ B2 H6] 2− . Th is  m o lec ul e c ou ld  b epr od uce d w it h  B 2H 6 an d Pot as s i um / Nap ht ha le ne[ 186] . St ock  pub l is h ed  t he  pr ep ar at i on  of K2( B 2H 6)  f or m e d by t he  r ea ct i on  of  s o di um am al gam  a nd  d ib or an e[ 17 1] ,  pr ecis e exa m i nat i ons wer e do ne  l at er . T he y f o un d t hat  t he  pr od uct  w as  not  K 2( B2 H6)  b ut  a m ixt ur e  of  K[ B H4]  a nd  

K[ B3 H8] [ 1 73]  ( int r od uct i on  c hapt er  3. 2) .  Hou gh  co ns ider ed  K 2( B2 H6)  t o  b e bu ilt  as  a n int er m e di at e in  t he  f ir s t  s t e p of  t he  pr epar aƟ on  of  [ B H4] −  a nd  [ B3 H8] −[ 17 3] .  T he  ad diƟ o n  of  B2 H6  t o  K 2( B 2H 6)  

lea ds  t o K( B 2H 6) ,  wh ich  degr ades  int o  [ B H 4] − an d [ B3 H8] −  b y a dd in g of  on e m or e  d ib or an em o le cu le . As  we  r ep or t e d in  t h e int r od uct i on  of  ch apt er  3 .2 ,  q uant um  che m ic al  c alc ul at i ons  of  

oct ah ydr ot r ib or at e  lea ds  t o a s ad dl e po int  s t r uct ur e  of  [ B3 H8] − w hic h  ex pla i ns  t he  r ot aƟ o n of t he  H- at om s [ 176] .  At  t h is  po int ,  t he  r ing  s t r u ct ur e  i s  ope n . An d t he  r i ng  ca n be  at t ack ed .  O ne  of our  aƩ em pt s  t o f or m  [ B H4] −  was  t he  hydr oge naƟ on  of  t h e [ B3 H8] − .  T he  [ BM M I M ] [ B3 H8]  s a lt  w as d il ut e d in  C H2 C l2  an d Na H  was  a dde d . It  is  co nce iva b le  t hat  t wo  hy dr i des  aƩ a ck t he  [ B 3H 8] − t o  Th e r eas on  f or  t he  s m a l lam ou nt s  of  [ B H 4] − is  p os s i bl y t he  p oor  s o lu bi l it y of  Na H  i n t he  s o lve nt .I n or der  t o  incr eas e  t h e yi el ds ,  0 . 1 m l  15- cr o wn- 5- et her  was  g iv en  t o  t he  r e act i on . I n t his  way , not  on ly  t h e s ol ub i lit y  of  Na H but  a ls o  of  t h e pr od uct  [ B H4] −  c ou ld  be  im pr ove d . On e m o le[ B M M IM ] [ B 3H 8]  s ho ul d r eact  t o  o ne  m o le  [ B M M IM ] +  a nd  3  m o le  [ B H4] −.  T he  [ BM M I M ] [ B H4] Ion ic  L iq ui d is  s o lu bl e in  d ic hl or om et ha ne ,  but  t h e ot her  t wo  m ol e [ BH 4] −  s h ou ld  n ot  be  s o lu bl ei n CH 2C l2 .  W e  di d not  dr y  t h e cr o wn  et her , s o t his  t im e  n o ad dit i ona l w at er  was  g ive n t o t her e act i on . Th e 11 B- N M R  s p ect r um  s h o ws  s ig na ls  of  [ B H4] −  wit h s l ight ly  m or e int ens it y  t ha nb ef or e .  Th e r aƟ o of  t he  i nt egr a ls  of  t he  r es on anc es  of  [ B3 H8] −  t o  [ B H4] − is  3 .00 0: 0 .01 4.  T o s h iŌ t he  e qu il ibr iu m  t o t he  pr o duct  s id e,  t h e r eact ion  was  h eat e d . But  at  h igh er  t em p er at ur es  t heh ydr id e r eact e d w it h  t h e c at i on  i ns t e ad  of  t he  a ni on .  W h en  m or e cr o wn  et her  was  g ive n t o t her e act i on ,  t he  cat io n  w as  at t ack ed  d ir ect ly . I n t he  pr ot on  NM R s pect r um  t her e  ar e t hr ee  s ing let s at  3. 71  p pm , 3. 80  p pm  an d one  w it h  l es s  int ens it y  at  3 .83  ppm . Th er e  ar e  m u lt ip let s  i n t he 1H −N M R  s p ect r um  at  3 .9 5 pp m ,  4 .0 7 ppm  a nd  o ne  wit h les s  int e ns it y at  4. 12  p pm . T h is  is  t he  

chem ica l  s h if t  f or  C Hx  gr ou ps  bo und  t o  het er o at om s  ( n it r og en) . In  f act  t h er e  is  o nl y on e s in gl et l ef t  at  2 .5 1 ppm ,  wh ich  n or m a l ly be lo ngs  t o  t he  m et hy l  gr o up  at t ac he d t o t he  car bon  at om  

bet wee n t he  n it r o gen  at om s . As  bef or e  t he  im i daz ol iu m  c at i on  was  at t ac ked  at  t h is  p os it io n( s pe ct r um  s e e exp er im ent a l  s ect io n) .  T o over c om e  t h es e  pr ob lem s ,  N a H was  r e p lace d by  

L i[ B( Et ) 3] H . A  pu b lic aƟ on  de s cr i bes  t h e s ucces s f ul  hydr oge naƟ on  of  B5 H9  t o  f or m  [ B5 H 11] 2 − or [ B5 H8] − and  H2 . Th e us e d hydr id e w as  Na[ B( Et ) 3 H] [ 24 3] .  In  T HF  or  D M E  t he  [ B 5H 11] 2 − an io nde com pos es  int o [ BH 4] − , [ B3 H8] −  a nd  s o m e  ot h er  not  i de nƟfi ed  pr od uct s , in  s m al l qu anƟ Ɵ es . L i[ B( Et ) 3 H]  c ou ld  hy dr o gen at e  [ B3 H8] − an d w it h  t he  a dd iƟ on  of  H2 O ( ha lf  t h e eq ui va lent  of  t h ehy dr i de)  H 2 c ou ld  b e f or m e d.  T hi s  m ay  l ead  t o  t h e f or m at ion  of  [ B H4] −.  T he  at t ac k of  t he  hy dr i deat  t h e c at i on  i s  s t er ic al ly  h in der e d . Af t er  t he  a dd it i on  of  t he  h ydr ide  t o  t h e C H2 Cl 2 s ol ut i on  of [ B M M IM ] [ B 3H 8]  an d H2 O , gas  em is s io n c ou ld  b e obs er ve d.  In  t h e 11B- NM R  s pe ct r um  t her e is on ly  t he  s ign al  of  [ B 3H 8] − an d B( Et ) 3  at  −1 6. 5 pp m .  T he  hy dr i de  f or m ed  H 2,  but  t her e wa s  noaƩ ack  on  t h e [ B3 H8] − .L iq ui d  am m on ia  was  t es t e d as  a s o lve nt .  W e t r ie d a beƩ er  y ie ld  of  [ B H4] −  wit h l iq ui d am m o n iaas  s o lv ent , bec aus e Na[ BH 4]  is  s o lu bl e in  NH 3( l) [ 12 9] .  T he  hy dr og en at i on  ag ent  N aH  was  p ut  i n aflas k,  NH 3 w as  con de ns e d ont o  ( − 35  ° C)  an d [ BM M IM ] [ B3 H8]  i n C H2C l2  was  p our ed  t o  t he am m on ia . Na H  r ea ct ed  ex ot h er m i ca lly  w it h  N H 3 t o f or m  hydr oge n[ 44] .  Th e hy dr i de  is  a  b as e  i nl iq u id  am m on ia  d ue  t o  t he  f or m at i on  of  Na NH 2[ 22c] .  T his  c ou ld  be  a  p os s ib le  hy dr o gen  s our ce[ 44] ,[ 19]  f or  t he  o xi daƟ on  of  [ B 3H 8] − . But  wit hi n a f e wm i nut es ,  t h e r eact io n m ixt ur e  t ur n ed  br ig ht  y el lo w .  N M R  s t u di es  co nf ir m ed  t hat  t h e c at i on  is  

not  s t ab le  u nd er  t h es e  c ond it ion s .  NH 2−  is  a  s t r o ng  b as e , c an  r ea ct  w it h  t he  im idaz o li um  cat i on an d depr ot o nat es  it .  T he  pr ot ons  in  P os it io n 4 or  5 ar e  ac id ic . But  t he  deut er i um  exc han ge( c hapt er  3. 2)  a ls opr o ves  t hat  t h e pr ot ons  o n t he  m et h yl  gr ou p c an  b e at t acke d . The  1 H- NM Rs pe ct r um  s h o ws  t w o s in gl et ’s ,  at  3 .8 5 ppm  a nd  3 .9 7 ppm ,  an d t w o m u lt i pl et s  at  4 . 09  pp m  and 4 .25  p pm . But  t h er e  is  o nl y on e s in gl et  at  2 .6 6  pp m .  It  lo oks  l ike  t h er e  ar e  t wo  d if f er e nt i m i daz ol ium  bas ic  s t r uct ur es .  But  t her e is  on ly  o ne  m et hy l gr ou p at  2. 66  p pm  at  t he  car bon at om  b et wee n t he  t wo  n it r o gen  at om s  at  C- 2  l ef t .  It is  m os t  lik el y t he  N H 2−  at t ack ed  t h eim i daz o l ium  r ing  at  t h is  pos it ion  ( s p ect r um  s ee  ex per im e nt al  s e ct i on) . A r eact io n accor di ng  t o equ at i on  2 3 pr ov ed  n ot  t o be  pr act ic al . If  t he  h ydr id e is  s o lu bl e,  it  wo ul d  at t ack  t h e cat i on ,  n ot t he  a ni on . Th e s ig na ls  of  [ BH 4] − al w ays  ha ve  l es s  int ens it y  aŌ er  o ne  da y.  And  aŌ er  a  f e w  m or ed ays  t he  r es on anc e v an is h ed  co m p let e ly .  Th is  co nf ir m s  t h at  [ BH 4] −  r eact s  w it h  wat er , w hi ch  ha dn ot  r eact e d w it h  t h e hy dr i de , t o giv e [ B( O H) 4] −. But  t her e is  a ls o  t h e pos s ib i lit y  t h at  t he  wat er  is  g en er at e d in  t h e r eact ion .  I n  t he or y  it  is con ce iva bl e t hat  H 2 f or m s  hy dr i des  an d H 2O  w it h  O H−  ( s e e eq uaƟ on  2 4) .  T his  r e act i on  pr ov ide s t he  d is pr op or t i on at i on  of  H 2,  wh ic h is  w hy  H + is  f or m ed . If  t he  wat er  is  pr o duc ed  i n t her e acƟ on ,  o nly  s m al l  am ount s  ar e nee de d.  [ B H 4] − an d H2 O  wo ul d r eact  an d f or m  [ B( OH) 4] −.  T hes t a nd ar d  G ib bs  r eact io n  en er gy  f or  t he  r e act i on  d es cr ibe d i n e qu aƟ on  2 4 is  −1 75  kJ  m o l−1 . An ot her  cat al yt ic  pr ot o n s our c e is  t - Bu O H w her e [ BH 4] − is  s t a bl e w hen  it  is  r ege ner at ed  w it ht h e dis pr o por t io nat i on  of  H2 .Sm a l l am o unt s  ( ab out  0 .1  m l)  of  t - B u OH  a lc oho l  wer e  g ive n  t o  [ BM M I M ] +[ B 3H 8] −  an d Na H  i nC H2 C l2 . Bec aus e  of  t h e s t er ic  hi ndr a nce  of  t h e alc oh ol ,  t he  [ B H4] − io n s ho ul d not  b e aƩ ack ed . Int he  1 1B- NM R t her e  i s  a s ig na l of  [ B H4] − w it h  t h e s am e  i nt e ns it y li ke  t he  s ign al  of  [ B H4] − w hen  it  is f or m ed  by  Na H  an d H2 O .  I n cont r as t  t o t he  ot h er  r eact io ns  w it h  H2 O t he  s i gn al  d id  n ot  van is hbut  t h er e  was  a  wh it e  pr ec i pit at e in  t h e r eact io n f las k .  Th is  co ul d  be  d is s ol ved  in  D 2 O a nd  s ho ws r es on anc e at  + 1 .8  pp m .  T hus ,  ev en  if  [ B H4] −  is  s t ab le  i n t he  s o luƟ o n,  t h er e  is  [ B( O H) 4] −  i n  t he  

r eact i on  m ixt ur e. The  a ni on  [ B H4] − is  s t ab le  a ga ins t  t - Bu O H but  a ls o  in  wat er  wit h p H > 9.  S o [ BM M IM ] [ B 3 H8]  w as s o lv ed  i n C H2C l2 ,  co ver e d w it h  s o di um  hy dr ox i de  s o lut io n ( p H  =  1 2)  a nd  Na H w as  giv en  t o  t h e  t he  s o di um  hy dr ox id e ha d not  be en  d egas s ed ,  or  whe n t her e wa s  a  s m al l  am ount  of  o xyge n i nt he  g as  pha s e , t he  hy dr og en  i gn it e d w hen  b ei ng  f or m ed . W e  as s um e  t h e hydr oge n  t o  ber eact ive .  Th er e  was  a  wh it e  pr e ci pit at e in  t h e r eact io n m ixt ur e . A  N M R  pr obe  was  t a ken  of  t h et wo  ph as e  m ixt ur e.  In  t he  1 1B- NM R s pect r um  t he  s ign al  of  [ B H4] − was  f o un d at  –38 .6  ppm  b ut t he  int e ns it y w as  c om p ar a bl e t o t he ot h er  s am p les .  One  s ign al  at  + 1. 8 ppm  was  p ar t ic ul ar l yco ns p icu ous .  T his  r es ona nce  be lon gs  t o [ B( O H) 4] −.  In  a lka li ne  wat er  t h e s ig na l is  s h iŌ ed  t o hi gh er  fi e ld . Th e int egr aƟ o n of  t h e s ig na ls  of  [ B( O H) 4] − c om p ar e d t o [ B 3 H8] −  i s  0. 8: 3.  S o ne ar ly ha lf  t he  [ B3 H8] − w hic h  w as  us e d w as  ox id iz e d t o bor on  i n o xid aƟ on  s t at e  II I . But  wh er e do es  t he[ B( O H) 4] −  c om e  f r om ?  T he  r ea cƟ on  was  r ep eat e d  w it h out  Na H,  o n ly [ BM M I M ] [ B3 H8]  was d is s ol ved  in  C H2 Cl 2 an d abo ut  t he  s am e qu ant it y of  s od ium  hydr oxi de  s o lut io n  was  gi ve n t o t h er e act i on  m ixt ur e .  B ut  af t er  t he  m i xt ur e  h ad  b een  in  t he  ult r as on ic  b at h  f or  on e day ,  t he 11 B− NM R s pect r um  s ho w ed  n o r eacƟ o n of  t h e [ B3 H8] − .  I n  19 78  J o ll y r epor t ed  t hat  if  t h e s od iu m s a lt  of  oct ah ydr ot r ib or at e  is  di s s o lve d in  s od ium  h ydr oxi de  s o lut io n ( 15  M )  an d heat ed  t o  8 0 ° Cf or  on e ho ur ,  t h er e  ar e  o nl y s ig na ls  of  bor at e an d bor ohy dr i de  l ef t  in  t he  1 1B  NM R.  T he  r at io  of t h e int egr a ls  of  t he  s i gn als  of  [ B H4] −  t o  [ B( O H) 4] −  i s  0. 7: 1. 0 . T hat  m e ans  t h at  [ B 3H 8] −  is  at t acke dby  t h e hy dr ox id e io n[ 24 4] .  [ B 3H 8] −  is  s t a bl e in  C H 2C l2  wit h t he  [ BM M I M ] +  caƟ on  wh en  s o d ium hydr ox ide  s o l ut i on  is  g ive n  t o  t he  r e act i on  m ixt ur e .  Ev en  if  ex pos ed  t o  u lt r as on ic  w aves ,  t h e  

bor a ne  r em a i ns  s t ab le . Ther e ar e  t wo  p os s i bl e cons i der at io ns ,  t h e fi r s t  is  t h e r e acƟ on  of  [ B 3H 8] − w it h  H 2 le ad ing  t o  t h e f or m aƟ o n of  [ B H 4] − an d B2 H6  ( s ee  e qu aƟ on  2 5) .  Th e laƩ er  is  not  s t a bl eag ai ns t  s od iu m  hydr ox ide  s ol uƟ on  an d r eact s  t o  f or m  [ B( O H) 4] − . Th is  r eacƟ o n ( eq uaƟ on  2 5)  is t h e r ever s e r e act ion  of  t h e [ B3 H8] −  f or m aƟ on  p ub lis he d by  G ai nes  et  a l[ 14 1] .  T he  ot h er  pos s i bi lit yis  t h at  t he ad dit io n of  Na H  l ea ds  t o a hig her  p H  va lu e an d t h e f or m at io n des cr ib ed  b y J o l ly[ 2 44] d epe nds  o n  t he  p H  va lu e.  T hi s  m ig ht  s t ar t  t h e r eacƟ o n of  [ B3 H8] −  wit h O H−  t o  g ive  [ B H 4] − an d[ B( OH) 4] −.  W he n w e cons i der  t he  ca lc ul aƟ ons  an d com par e  t h e s t an dar d  Gi bbs  r e acƟ on  e ner gy w it h  + 30  kJ  m o l− 1 f or  e qu aƟ on  ( 25)  a nd  t he  e ner g y c al cu lat e d f or  equ aƟ on  ( 26)  wit h− 351  kJ  m o l− 1 t he  l aƩ er  is  m or e l ike ly .R egar dl es s  of  t he  [ B H4] −  f or m at i on  s o m eƟ m es  t h e s ig na l of  [ B 12 H1 2] 2−  ar os e  i n t he  1 1B− N M Rs pect r u m .  T he  f or m at io n  of  t he d ian io n s eem s  t o  be  a s i de  r eact io n  of  t he  h ig her  bor an eim pur it i es .A not h er  pos s ib i lit y  t o  oxi di z e  t he  b or o n at om  i n [ B3 H8] −  is  an  e lect r och em i ca l ox idaƟ o n.  T hec at i on  s h ou ld  b e s t ab le  an d t he  i m i daz ol ium  ha li des  ha ve  a  br o ad  e lect r och em i ca l w in do w . I n19 75  D o lan ,  K in ds vat er  a nd  P et er s  p ub lis he d t he ir  inv es t i gat ion s  of  t h e el ect r oc hem ic al  p ot as s iu m  nit r at e s ol ut i on  in  wat er  d es t r oys  t h e bor on  co m po un d an d le ads  t o  b or at es .  Th eox id at i on  i n D M F or  acet on it r i le  wit h p lat i num  or  g ol d  an od e on ly  l eads  t o  a  o ne  e lect r ont o a n  ox id at i on  of  bor on  t o  g ive  a  BH 3 add uct . L ik e in  o ur  r eact io n w it h  s o d ium  h ydr o xi des ol ut i on  t her e ar e  b or at es  as  a  by pr o duct .  D ol an , Ki nds vat er  a nd  Pet er s  d id  not  inv es t i gat e  t h ef or m at io n of  t he  b or at es ,  but  t h e f or m at ion  of  BH 3 on ly  wor ks  w it h  t he  a dd it i on  of  an  a c i d, w hi ch  pr o ba bl y at t acks  t he  BH 3 un it . I n s um m ar y w e c ou ld  n ot  r ea liz e t he  f u ll  o xi daƟ on  of  [ B 3H 8] −  t o  g ive  [ B H4] −  e ven  whe n  t hec al cu lat i ons  of  t h e s t an dar d  Gi bbs  e ner g ies  ar e exer g on ic . Th e act iv at i on  b ar r i er  of  t h er ea cƟ ons  is  a l wa ys  t oo  h igh  t o  c om p let e t he  f or m aƟ o n of  [ BH 4] −  du e t o t he  k in et ic  s t a bi l it y of [ B3 H8] −.  W he n t he  bar r ier  is  over c om e ,  f or  exa m p le  wh en  co nce nt r at e d H NO 3 is  g ive n t o[ BM M IM ] [ B3 H 8] ,  t he  a ni on  d eco m po s es  s t r on g exot her m  T he  ox i daƟ on  of  [ B 3H 8] − t o f or m  [ B H4] −  co u ld  not  b e r ea liz ed  wit h go od  y ie lds . [ BH 4] −  was f or m ed  b ut  on ly  wit h 1 %  y ie ld  wh en  t he  s t ar t in g m at er ia ls  w er e  [ BM M I M ] [ B3 H8]  a nd  N aH  w it ht r ac es  of  w at er . Eve n t he  exc ha nge  of  H 2 O t o t - Bu O H di d not  r es ult  i n bet t er  y ie lds .  T hef or m aƟ on  of  [ B H4] −  wit h t he  d onaƟ o n  of  hy dr i des  d id  n ot  w or k  i n an  eas ier  way  t h an  t h er eact io n of  M g[ B 3H 8] 2  wit h M g H2  t o  f or m  M g[ BH 4] 2[ 7 2] .  It  was  n ot  s ucc es s f u l t o lo w er t em per at ur e  an d hy dr og en  pr es s ur e  by di s s o lv ing  t h e [ B3 H8] −  a nd  Na H beca us e  t h e caƟ on[ BM M IM ] + is  not  s t a bl e aga ins t  hy dr i des .  Th e m et h yl  gr o up  in  C- 2  p os it i on  bet w ee n t he  t w on it r o gen  at om s  was  al w ays  at t ac ked .  For  f ur t her  ex per im e nt s  w it h  hy dr i des  a not her  cat ion at t ack ed  by  N H2T he  f o ll o wi ng  s et s  of  ex per im e nt s  w er e  r eact io ns  i n w hic h N aH  was  us ed  o nl y f or  g en er at i on  o hydr og en  i n t he  r eacƟ o n  flas k.  It  is  pos s i bl e t hat  [ B3 H8] − f or m s  not  o nl y [ B H 4] − but  a ls o  

B2 H6 .Th is  d id  n ot  le ad  t o  h igh er  yi el ds  of  bor a ne  b eca us e  t he  h ydr oge n w as  f or m ed  in  t he  r e act i on  of Na H  wit h wat er  an d s od ium  h ydr oxi de  t o  i ncr e as e  t he  s t a bi l it y of  [ BH 4] − . But  t he  di bor a ne  is  not s t a bl e in  s o d ium  hy dr ox i de  s o luƟ o ns .  T he  u nr eacƟ v e [ B( O H) 4] −  was  f or m ed  i m m e di at el y. An ot h er  m or e  l ik ely  pos s ib il it y  is  t hat  [ B3 H8] −  is  aƩ ack ed  by  OH − bec aus e of  t h e h igh  OH −co nce nt r aƟ on  wh en  Na H is  ad de d t o t he  r eacƟ o n s o luƟ on .  W hen  we  t r i ed  t o  s y nt hes iz e [ B 2 H7] −  ca nd id at es  f or  hy dr og en  s t or a ge . Th e r el eas e  of  hy dr o gen  f r om  a m m o ni ab or an es  has  b eens ucc es s f u ll y per f or m ed  s ev er a l t im es [ 14] ,[ 10 5] .  Es pec ia ll y t he  ut il iz at io n of  t r a ns it i on  an d m a ingr ou p m et a ls  as  c at a lys t s  has  b ee n pr ov en  t o  e nha nce  t h e r eact ion  r at e and  t o  lo wer  t h er ea ct i on  t em per at ur e s ig n if ica nt l y[ 11 3] ,[ 246] . If  t hos e m et a ls  ar e  i ncor por at ed  in  com p lexe s ,  t h eycat alyz e hy dr og en  r e leas e f r om  H 3B NR 2H  a nd  H3B N RH 2[ 24 7] ,[ 247 b] ,[ 248] ,[ 24 9] ,[ 2 50]  an d  t he  f or m at i on of  p ol ym er ic  B N  m at er ia ls [ 2 51] ,[ 25 2] ,[ 2 53] ,[ 25 4] .  M or eo ver  de hydr oco up l ing  f r om  H3 BN H3  is  f avor ed in  hy dr o gen  r ich  co m po un ds [ 25 5] ,[ 256] .  N ever t he les s , t he  r ea ct i on  r ev ea ls  t he  f or m at io n of s ev er a l,  u n wa nt ed  p ol ym er ic  by pr o duct s  wh ich  h am p er  t he  e luc id at i on  of  a  pr o per  m ec ha nis m . M ec han is t ic  in ves t igat io ns  m a in ly  i nvo lv e t h es ec on dar y am m o n iab or an es M e2 N HB H3[ 2 57] ,[ 25 8] ,[ 2 59] ,[ 26 0] ,[ 261] ,[ 2 62] ,[ 263] ,  du e t o t he  f act  t hat  d ehy dr oc ou pl in g le ads  t o  a  s i ng lepr od uct  – t he  d im er  of  H2B N M e2 .P ar t ic u lar l y r ho di um  com po un ds  hav e pr ov en  t o  be  pr om is i ng  cat alys t s .  R ep or t ed  cat alys is inv o lves  r h od ium  c om p lex es [ 2 58] ,[ 259] ,[ 2 53] ,[ 26 2] ,  co l lo ida l  r h od ium [ 2 49]  an d  Rh 4- R h6  c l us t er s [ 2 64] ,[ 26 5] n d bi gger  c lus t er .  W it h  t he  a dd it i on  of  t h e c at al ys t  ( 0. 5 m ol e %  [ R h( 1 ,5- C O D) ( m u- Cl) ] 2) , t het im e  f or  t he  r e act i on  of  t h e r e le as e  of  H 2 f r om  M e 2N H BH 3 and  t h e f or m at io n of  t h e cyc li c  d im er [ M e2 N BH 3] 2  at  45  ° C  dr ops  f r om  7  d ays  ( r eact io n s t il l  i nco m p let e)  t o  24  h[ 25 3] .  Th e m ec han is m  of deh ydr oge nat i on  in  h om og en ous  cat aly s is  ca n be  d es cr i be d in  t wo  p os s ib le  ways .  Fir s t ,  t her eact io n pr oc eed s  w it h  hy dr o gen  t r a ns f er  i n a n  i nner  s p her e m ech an is m [ 2 59]  i nc l ud in g a s igm acom p lex of  t h e am m on iab or a nes  t o  t he  m et al l ic  cent er .  T her e  ar e s ever al  pr op os it io ns  f or  t hem e cha ni s m  of  t his  s t e p[ 26 6] ,[ 266 b] ,[ 267] ,[ 26 2] ,[ 268] ,[ 2 69] ,[ 270] ,  b ut  it  has  n ot  b ee n s ol ved  c om p let ely  y et . The  s eco nd  p os s i bi l it y is  t he  s o c al le d out er  s pher e m ec han is m  of  de hy dr og enat io n[ 2 71] .  It  is a na log ous  t o  t h e ox idat io n of  alc oh ols  w it h  a  hy dr i de  t r ans f er  bet we en  t he  a lc oho l  an d an am i de  l ig an d in  m et al  c om p lex es [ 27 2] ,[ 273] . Fur t her m or e on e c an  s u pp os e  t hat  r h od iu m com pl exes  or  c ol lo id al  m et al  a ls o  c at al yz es  t h e f or m at i on  of  [ B 3H 8] – or  h igh er  bor a nes  f r om [ BH 4] – , in  a na log y w it h  t h e hydr oge n r el eas e a nd  d im er  f or m at i on  of  H 2B= N M e2 .  So m er ut hen i um  com pl exes  ar e  k no w n t hat  f or m  com pl exes  w it h  [ B H3C l] −  b y Cl − t r a ns f er [ 2 74] . Bo nd in g  s pect r a  w it h  n in e or  s eve n H  at om s  ar e bot h c om par a bl e w it h  t he  e xper im ent a l s pe ct r a. H o wev er ,  t h e int e ns it y of  t he  s i gna l  i n t he  s p ect r um  wit h ni ne  H at om s  is  hig her  i n t he  m id dl ebut  lo wer  o n t he  e dges .  Th e int ens it y  of  t he  

s ign al  in  t he  s pect r u m  w it h  s e ven  H at om s  is a lw ays  l o wer . A lm os t  e ver y  p oi nt  on  t he  s ig na l of  t h e exp er i m ent al  s p ect r um  has  t he  s am ed is t a nce  t o  t h e s ig na l of  t h e s im ul at ed  s pect r u m .  Add it io nal ly ,  s ev en  co up l ing  p ar t ner s  ar em or e l ike ly  f r om  t he  c hem ica l  po i nt  of  v ie w .C om p ou nd  A  c ons is t s  of  t hr e e bor o n  at om s .  T w o bor o n  at om s  ar e eq ui val ent  a nd  t he  d if f er ing bor on  at om  is  co nn ect ed  t o  a  C H 3 gr ou p.  T hi s  CH 3 gr o up  co up les  t o  7  e qu iva le nt  hydr oge nat om s . F or  a m or e  d et a il ed  s t u dy of  t he  f or m ed  com po un d,  [ B M M IM ] [ B 3H 8]  and  [ R h( n bd) 2] [ B F4] wer e dis s ol ve d in  C D2 Cl 2 . Af t er  f our  d ays  t he  r ec or d ed  11 B- NM R  s pect r u m  s ho w ed  com par a b les ign als .  B ut ,  t h e r es on anc e at  −0 .2 8 ppm  i n  t he  1 H{ 1 1B} - NM R  s pect r u m  s ho ws  a  d if f er e nce  in  t hes ig na l pat t er n.  T he  a na lys i s  of  t h e ne w  s p l it t i ng pat t er n r eve als  t h at  t he  m et hyl  gr ou p no wc ont a in s  t w o deut er i um  at om s  ( s e e Fi gur e  4 5 d) .  T he  pr es en ce  of  t hi s  CH D2  gr ou p ins t ead  of  a CH 3 gr ou p  i n m ol ecu le  pr ov es  t hat  t he  s o lv ent  d ich lor om et han e is  t he  s our c e of  t h e m et h yl gr ou p t hat  is  inc or p or at e d in  t h e ne w  b or on  c lus t er .  T he  pr ot on  s ign al  of  t h e s eve n eq ui val ent hydr oge n at om s  is  s h if t ed  s l ig ht l y t o hi gher  f i el d du e t o t he  is ot o pe  s h if t . For  a ll  t h is  r eas ons  t h e m ol ecu lar  f or m ul a of  c om pou nd  A is  m os t  l ik ely  [ B 3 H7C H 3] −.  W he n t her e acƟ on  m ixt ur e w as  dis s o lve d in  C D 2C l2 , [ B3 H7 CD 2H] − is  f or m e d i ns t ea d of  [ B3 H7C H 3] − .  

A r ecor ded  n egat iv e ESI  m as s  s pect r um  do es  not  s ho w  a s ig na l  w h ich  co ul d  be  at t r ib ut ed  t o[ B3 H7 CH 3] − . The  a na lyt e  was  m ixe d w it h  C H3 C N.  T hi s  c ou ld  h ave  d eco m pos ed  t h e [ B3 H7 CH 3] − .I n  

Fig ur e  46  t h e m os t  r eas on ab le  s t r uct ur e of  [ B3 H7 CH 3] −  is  s h o wn .  A lt h oug h t he  h ydr o gen  at om s ,b ou nd  t o  bor on ,  ar e  n ot  eq uiv al ent  i n t he  s t r uct ur e  t h is  t ype  of  b or o n c l us t er s  is  k no wn  f or  f as t int r a m o lec ul ar  exch ang e of  t he  hy dr og en  at om s  w h ich  r e nder s  t h em  eq ui va lent  o n t he  NM Rt im es ca le . t he  inf l ue nce  of  t h e c hl or i ne  at om  on  t h e r el ia bi lit y of  t he  ch em i cal  s hif t  pr e di ct i on  t he  k no w nan io n [ B3 H7 Cl] − w as  als o cal cu lat e d.  T w o d iff er ent  s t r uct ur es  wer e  c alc ul at e d,  o ne  wit h c h lor ine at  t he  bor on  at om  w it h  t h e bor on- b or o n bo nd  ( at om  2  or  3)  a nd  wit h t he  ch lor in e at om  at  t h e  

bor o n at om  wit h t he  t wo  2 e−3c  bon ds  ( at om  1) . Th e m in im um  of  bot h s t r uct ur es  dif f er s  on ly by 1 kJ  m ol –1 . So  b ot h  s t r uct ur es  ar e  p os s i bl e . But  i n pur ely  s t at is t ica l t er m s  t he  f ir s t  o ne  wit h t he  

chl or i ne  at  bor on  2  or  3  is  t w ice  as  li ke ly.  W he n t he  ch lor in e at om  is  bo un d t o bor o n  1 , t heca lc ul at ed  c hem ica l  s h if t  f or  t h is  b or on  at om  is  1 3 ppm  a nd  f or  t he  b or o n at om s  2  a nd  3 −32 .8  p pm . Th e c hem ic al  s h iŌ s  J aco bs en  et  a l . f oun d  f or  t his  c om p ou nd  wer e  − 22 .0  p pm  ( on eb or on  at om )  an d −16 .2  ppm  ( t wo  b or on  at om s )  r es p ecƟ ve ly[ 27 9] .  Not  o nl y t he che m ic al  s hiŌ  has a lar ge  er r or ,  but  a ls o  t h e Δδ  of  t h e t w o s ig na ls  is  s i gn if ic ant ly  d if f er ent .  Th e bor on  at om s wit ho ut  het er oat o m  hav e a c alc ul at e d c hem ica l  s h iŌ  c om p ar a bl e t o [ B 3 H8] − .  I n t he  ca lcu laƟ o nt he  c hl or i de  h as  near ly  n o ef f ect  on  t h e che m ic al  s h if t  of  t hes e t wo  bor o n at om s .  I n co nt r as t t he  c alc ul at e d c hem ica l  s h if t  of  bor o n at om  1  e xper ie nces  a  d o wnf ie ld  s h if t  m uc h m or e pr on ou nce d t ha n obs er ved  in  t h e s pect r um .  F or  t he  a lt er n at iv e s t r uct ur e of  t his  c om p ou nd w it h  t he  c hl or i ne  at om  bou nd  t o  b or o n at om  2  or  3  t h e c al cu lat e d 11 B c hem ica l  s h if t  ar e− 15 .6  p pm  f or  t he  l aƩ er  an d −14 .5  ppm  f or  b or on  at om  1 . Th is  is  i n bem er  agr e em e nt  w it h  t h e  

exper im ent s . The  s ig nal  of  t h e bor on  at o m  w it h  t h e c hl or i ne  at om  is  o nly  s hif t e d 7 .8  pp m d ow nf i el d com par e d t o t he  ex per im e nt a l v al ue .  Th e ot h er  s ig nal  is  on ly  s h if t e d t o do wnf ie ld  b y0 .8  p pm . Ther ef or e  t h e c al cu lat e d c hem ic al  s h iŌ s  ar gu e defi n it e ly  f or  t he  i s om er  of  [ B 3H 7C l] − w it h  t he  c hl or i ne  at o m  bo un d t o one  of  t h e bor on  at o m s  2 or  3.  F or  [ B3 H7 CH 3] −  we al s oca lc ul at ed  t h e is om er ic  s t r uct ur e w it h  t h e m et hy l  gr o up  b ou nd  t o  o ne  of  t he  b or o n at om  of  2  or 3 .  T he  ca lcu lat ed  ch em i ca l s hiŌ s  f or  t h is  s t r uct ur e ar e −2 6. 1 ppm  ( b or o n at om  wit h m et hy l)  an d− 13 .9  p pm .  T he  ca lc ul aco ns  of  t he  che m ic al  s hi ns  f or  t he  [ B3 H7 C H3] −  wit h t he  m et hy l gr ou p at b or on  at om  1  ar e  i n bet t er  a gr ee m ent  w it h  t he  ex per im e nt s .Th e exp er im ent al  va lu e f or  t he  1J ( 1 1B ,1 H)  c ou pl in g of  [ B3 H8] −  w it h  32  Hz  w as  com par e d t o t he  

calc ul at ed  c ou pl in gs .  T he  ca lcu lat io ns  w it h  PBE 0[ 28 3] ,[ 284] ,[ 28 5] / a ug- cc- p VTZ[ 286] ,[ 2 87] ,[ 28 8]  w it h3 0. 46  Hz  w er e  i n bes t  agr eem ent  wit h t he  ex per i m ent al  d at a . For  t he  c oup l ing  t h e wav ef un ct i on  at  t he  p os it io n  of  t he  n ucl eus  is  im por t a nt .  B or o n at om s  ar e in  t h e s eco nd  p er i od ,s o  t h e el ect r o ns  w hic h  ar e  n ear  t he  n uc leus  c ou ld  b e w el l des cr i bed  w it h  an  a ug- cc- p VT Z bas is  

s et .  Th is  b as is  h as  a po lar iz at io n f unct io n,  t h is  r ef l ect s  t he  ar ea ne ar  t he  nu cl eus  b et t er  t han s m a ll er  bas e s .  In  co nt r as t  t o t hat , f or  t he  ch em i ca l s hif t  t he  m os t  im por t a nt  f a ct or  is  t h es t r uct ur e,  w hic h cou l d be  des cr i bed  e ve n w it h  s m a l ler  bas es . T he  ca lc ul at ed  1J ( 1 1B ,1 H)  co up li ng8 6co up l ing  is  29  H z .  B ot h  ca lcu lat ed  co up l ings  ar e in  g oo d agr e em e nt  w it h  t he  e xper im ent a lva lu e , but  t he  o ne  f or  B 3H 7C H3 Cl  is  bet t er .  Th e com par is o n of  t h e 1J ( 1 H, 1H)  co up l ing  of  t h eex per im e nt al  dat a  wit h 1. 7 Hz  s h o ws  beƩ er  a gr ee m ent  wit h t he  co up l ing  of  [ B 3H 7C H3] −  w it h  1 .6 Hz  t ha n B3 H7 C H3C l  wit h 0. 8 Hz . Th e r es on anc es  of  [ B3 H7 Cl] − wer e t oo  br oad  t o  det er m in e t hec ou pl in g,  s o we  c ou ld  n ot  es t im at e  t he  inf lue nce  of  t h e c hl or ine .  Ac cor d i ng t o t he  ca lcu lat edc ou pl in gs ,  we  c an  on ly  s a y t hat  com po und  A is  m or e l ike ly  [ B3 H7 C H3] −  t h an  B 3H 7C H3 Cl  b eca us et h e dev iat io ns  of  t he  ca lc ul at ed  co up l ings  ar e s m a ll er  but  B3 H 7C H3 Cl  co u ld  n ot  be exc lu de d. The  ca lc ul at i ons  of  t he  bor o n che m ic al  s hif t s  s h o wed  d ev iat ions  f r o m  t he  ex per im e nt al  v al uet h at  ar e s m a ll  e no ugh ,  ev en  if  ch l or i ne  at om s  ar e in vo lve d , t hat  t he  n e w bor o n  c l us t er  wit h on em et h yl  gr ou p doe s  not  co nt a in  ch lor in e.  And  t h e s t r uct ur e of  [ B3 H7 Cl] −  ( i s o  2 , s ee  F igur e 46: Opt im i z ed  s t r u ct r ur es  of  t h e c alc u lat e d c om p ou nds  w it h  PB E0)  is  t h e c or r ect  c lus t er . The  f or m aƟ on  of  t he  t wo  b or o n com po unds  [ B 3 H7C l] −  a nd  [ B3 H 7C H3] − W e  wer e  n ot  ab le  t o  f i lt er  t h e bl ack  pr e ci pit at e f or m e d in  t h e r eact io n of  [ B M M IM ] [ B 3H 8]  w it h[ Rh( n bd) 2] [ BF4] . Eve n af t er  t w o ho ur s  i n t he  ce nt r if u ge  t her e w as  no  pr eci pit at e  i n t hec ent r if uge  t u be .  Th e c om pou nd  t h at  c aus es  t he  b lack  c ol or  is  m ay be  co l lo id al . W h en  t h e Rhc om p le x( 1 eq ui v.)  was  d is s o lv ed  wit h [ BM M IM ] [ B 3 H8]  ( 1 eq uiv .)  i n CH 2C l2  n o 11 B- N M R  s ign al w as  leŌ  ex pect  t he  r es on anc e of  [ B F4] − .  A  p o wd er - XR D  of  t he  r es id ue  s h o we d r ef le xes  f or s o di um  c h lor ide  im p ur it ies .  Th e ot h er  par t  of  t he  pr e ci pit at e is  am or p hou s .  Hi ll  et  a l l.  r e por t e di n  20 10  t he  pr ep ar at i on  of  a  R u com pl ex w it h  [ B 3H 8] −  i n C H2C l2[ 295] .  Th e ne w  co m p lex  was  

f or m ed  b y t r e at i ng  t he  [ R uC l( C 6H 5) ( C O) ( PP h3) 2]  wit h [ Bu4 N] [ B 3 H8]  in  CH 2C l2 . By  t h e a dd it ion  of Et O H  t he y obt a i ned  [ R uH( B3 H8) ( C O) ( P Ph 3) 2]  as  a br o w n s ol id  a nd  s o lut io n[ B 3H 8R u( C6 H5) ( CO) ( P Ph 3) 2] . W e  wor k ed  u nder  s im i lar  c ond it io ns .  F or  t he  R h- H- B  h ydr oge n w eex pect  o ne  s i gna l  bet w ee n − 15  p pm  an d −4  p pm . But  we  co ul d not  o bs er v e on e s ig na l in  t h e1 H- N M R  s p ect r um  or  t h e 11 B− NM R s pect r um  be lo ng in g t o s uch  a  co m p lex .F ult on  et  a l.  d es cr ibe d t he  f or m at i on  of  R h4- 6 ∙L iga nd  c lus t er s  wh ic h ar e  t he  cat alyt ic al ly  act ives pec ies  f or  a  d ehy dr oc ou pl in g of  M e2 N H ∙B H3[ 2 78] . The y hyp ot h es iz ed  t h at  t h e Rh 4- 6− l iga ndc lus t er  f or m s  a po lym er - l ike  pr od uct , bo nde d by  am in e bor a ne  d im er .  It  is  pos s i bl e t h at  w he n[ B3 H8] − w as  giv en  t o  a  [ R h( nb d) 2] [ BF 4]  s ol uƟ on  in  C H2 Cl 2 a Rh  c lus t er  w it h  [ B3 H8] − li ga nd  is  

f or m ed .  Th es e  c lus t er s  c ou ld  acc um ulat e in  dic hl or om et h ane  a nd  f or m  a  co l lo id al  s o lut io n.  T h is co ul d be  a n exp la nat i on  f or  t h e lac k of  s ig nal s  in  t h e 1H-  or  1 1B- NM R s pect r a .  T he  par t ic les 8 7b eha ves  l ik e a s ol id  in  t he  NM R,  t h is  co ul d le ad  t o  br oad  s ign al s  t h at  cou ld  not  be  o bs er ved any m or e .W he n [ Rh( n bd) 2] [ BF4]  a nd  [ BM M I M ] [ B3 H8]  wer e s ol ved  in  C H2 Cl 2 w it h  t h e s am e  m olar qu ant it i es  no  s i gn al  i n t he  1 1B- NM R s pect r um  cou l d be  ob s er ve d . W h en  t he  s o lv ent  was r e m ov ed  an d  D 2O  was  g iv en  t o  t he  b la ck pr ec ip it at e no  s i gna l  exc ept  t h e one  of  [ B F4] −  ar o s e  i nt he  1 1B- NM R s pect r um . The  s ign al  of  B( O H) 3  at  +1 8. 4 ppm  c ou ld  b e f oun d  on ly  b y t he  ad dit io nof  co nce nt r at e d hydr oc hl or ic  ac i d t o D2 O . Th e r hod i um / b or o n c om p ou nd  is  s t a b le i n wat er , on ly  t h e a dd it ion  of  c onc ent r at e d  hy dr oc hl or i c  a c i dd ecom pos es  t he  b or on  in  t h is  com po un d t of or m  bor on  ac i d. The  r e acƟ on  of  [ B H4] −  w it h  C H2 Cl 2 f or m aƟ o n of  CH 3C l via  u lt r as on ic  t r eat m ent  is  d es cr i be d int hi s  t h es is  ( c hapt er  3. 2) .  In  t h os e  s t ud ie s  w e f o un d no  r e acƟ on  of  [ B3 H 8] − an io n of  t he  pr e par e d Ion ic  L iq ui ds  w it h  d ic hl or om et ha ne . Th er ef or e,  it  ca n  be  as s um e d  t hat  t he  f or m at i on  of [ B3 H7 Cl] −  is  c at a lyz e d or  i ndu ced  b y r ho di um  or  r ho di um - b or o n s pec ies  pr es e nt  in  s ol ut i on . The 1 H- N M R  s p ect r um  s h o ws  t he  r es ona nce  as s ig ne d t o c h lor o m et h ane  at  3 .0 5 pp m .  E quat io n 30s ho ws  a  p os s ib le  r eacƟ o n t o f or m  [ B3 H7 Cl] −:  Als o  t he  o xi daƟ on  f or m  [ B 3H 8] −  t o  [ B H4] −  c ou ld  n ot  be  cat a lyz ed  wit h a Rh- c om p lex .  One  h ydr id e was  wit hdr a w n f r om  t he  oct ahy dr ot r ibor at e  an d  ad duct s  of  B 3H 7 w er e  f or m ed . Sim i lar  r eact io nP et er s  co ul d obs er ve .  Th ey  t r ie d  t o ox id iz e  o ct ahy dr ot r ib or at e  e lect r och em ica ll y.  B ut  on ly  o nee le ct r on  o xi dat ions  a nd  t h e f or m at io n of  B3 H7  ad duct s  w it h  t he  s olv ent  co ul d  be  o bs er ved[ 245] . On ly  t he  o xi dat ion  w it h  D M F  as  s o lve nt  le ads  t o  ( C H3) 3 N ∙B H 3 but  a ls o  b o r at es .  W e cou l dobs er ve  t h e r eacƟ o n of  [ B3 H8] −  wit h t he  s o lv ent  t o  f or m  [ B3 H7 C l] − an d CH 3C l . D ich lor om et han eis  n o  Le w is  bas e w hic h cou l d r eact  w it h  t h e Le w is  ac i d B3 H7 . M or e over  we  co u ld  o bs er v e t he  s i gna ls  of  a ne w  b or o n c om p ou nd .  W it h  d if f er e nt  NM Rm e as ur e m ent s  1 1B{ 1H}  C OS Y- s pe ct r um , 11 B, 1H  c or r e lat i on ,  13 C ,1 H cor r e lat io n,  1 H{ 1 1B}  s p ect r um  

and  wit h 1 H{ 11 B}  CO SY  s p ect r um  we  ex am ine d t he  co m po un d.  W e  al s o  s i m u lat e d NM R  s pe ct r a wit h dif f er ent  co up l ing  p ar t ner s  t o  e xam in e t hes e  n e w s ig na ls . W e  ar e  co nf i de nt  t hat  t his  ne w  

bor o n com po und  c ons is t s  of  t hr ee  bor o n at om s .  T wo  of  t h es e  at o m s  ar e  eq u iva le nt .  T he  t h ir do ne  i s  c on nect e d  t o  a C H3  gr o up .  Th is  m et hy l gr ou p has  s ev en  e qu iva le nt  cou pl i ng hy dr og en  

at om s . It  is  ver y l ike ly  t hat  t h e ne w  b or on  c om p ou nd  is  [ B 3H 7C H3] −.  Qu ant u m  c hem ica lc alc ul aƟ ons  of  t h e c hem ica l  s h iŌ s  of  [ BH 4] − , [ B3 H8] − ,  [ B3 H7 Cl] −,  a nd  [ B 3H 7C H3] −  s upp or t s  t hi s  

as s um pt i on .W e dis c us s e d t he  way  of  t h e f or m at ion  of  t h es e  b or o n c om p ou nds  a nd  wer e  m aki nga s s um pt i ons  wh at  c aus e s  t he  b lack  c ol or .  W e com par e d our  i de as  w it h  t h e lit er at ur e an ds ug ges t  t hat  R h f or m s  c l us t er s  wit h [ B3 H8] −  as  li gan d . T h is  c l us t er s  f or m s  l ar ger  co l lo id al par Ɵ cl es  in  d ic hl or om et ha ne .  Th is  par Ɵ c le  co ul d cat a lyz es  t he  r eacƟ o n of  [ B3 H8] −  w it h  t hes o lve nt  CH 2C l2  t o  f or m  [ B 3H 7C l] −  an dC H3 Cl  a nd  t h e gen er aƟ on  of  [ B 3H 7C H3] − f r o m  [ B3 H8] −  w it hC H 3C l. [ 2 55]  C . W .  Ham i lt on ,  R .  T . Bak er ,  A .  St a ub it z ,  I . M an ner s , Ch em ica l Soc iet y  R ev ie ws  20 09 ,  38 ,2 79- 2 93 .[ 2 56]  A . St au bit z ,  A .  P . M .  R ob er t s o n,  I.  M ann er s , Che m ic al  R ev ie ws  2 010 ,  11 0,  4 07 9- 41 24 .[ 25 7]  V . Pon s ,  R .  T . Bak er ,  N.  K.  Sz y m cz ak ,  D .  J .  He lde br a nt ,  J .  C.  L ine ha n,  M .  H .  M at us ,  D.  J .Gr ant , D . A . D ixo n,  C hem ic al  C om m un icat io ns  200 8 , 659 7- 65 99 .[ 25 8]  T.  M .  D ou gla s ,  A .  B .  C hap l in , A . S .  W el ler , J .  Am .  C hem .  Soc .  2 008 ,  13 0 , 144 32- 1 44 33 .[ 25 9]  T .  M .  D ou gla s ,  A .  B .  C hap l in , A . S .  W el ler ,  X . Yan g,  M .  B . Ha l l,  J . Am . Ch em . S oc . 20 09 ,13 1,  1 54 40- 1 545 6 .[ 26 0]  G.  Alc ar az , L .  V en di er ,  E .  C lot , S.  S abo- Et i enn e , Ang e wa ndt e  C hem ie  Int er nat io na l Ed it i on2 01 0,  4 9,  9 18- 9 20 .[ 2 61]  C . Y.  Ta ng ,  A . L .  T hom ps o n,  S .  A ldr id ge , An ge wa ndt e  Che m i eI nt er n at i ona l  E dit io n 201 0, 49 ,  92 1- 92 5.[ 262]  L . J .  Se w el l , M .  A .  H uer t os ,  M .  E . D ick ins on , A . S.  W el ler ,  G .  C . L l oyd- J ones ,  I nor gan ic Che m is t r y  2 01 3,  5 2,  4 50 9- 45 16 .[ 26 3]  H . He lt e n,  B .  D ut t a , J .  R .V anc e,  M .  E . Sl oan ,  M . F.  Had do w ,  S . S pr o ul es ,  D.  Co ll is o n , G . R. W h it t e ll ,  G .  C .  L l oyd- J one s ,  I.  M ann er s , Ang e wa ndt e  C hem ie  Int er nat io na l Ed it i on  20 13 ,5 2,  4 37- 4 40 .[ 2 64]  C . A.  J as ka , I . M an ner s , J our na l of  t he Am er ic an  C hem ica l  So ci et y 200 4 , 126 ,  97 76- 9 78 5.[ 265]  Y . Ch en , J .  L . F u lt on ,  J .  C .  L i ne han ,  T . Aut r ey , J our n al  of  t h e Am er ica n  Ch em ica l Soc iet y 20 05 , 127 ,  3 254- 325 5.[ 266]  a X.  Y ang ,  M . B . Ha ll ,  J o ur na l  of  t he  A m er ican  Che m ic al  S oci et y  20 08 , 1 30,  1 79 8- 17 99;  bX .Y ang ,  M . B . Ha ll ,  J o ur na l  of  Or gan om et al li c  Che m is t r y 200 9,  6 94 ,  28 31- 2 838 .[ 2 67]  Y . L uo ,  K . O hn o,  Or ga nom et a ll ics  2 007 ,  26 ,  35 97- 360 0.[ 268]  L . J .  Se we l l,  G.  C.  L loy d- J on es , A.  S .  W e l ler , J our na l of  t h e Am er ic an  C hem ica l  Soc iet y20 12 , 13 4,  3 598- 36 10 .[ 26 9]  A.  St a ub it z , M .  E .  S loa n,  A.  P .  M . Ro ber t s on , A . Fr ie dr i ch , S.  Sc hn ei der , P.  J . Gat es ,  J . S .  a .  

d.  G ün ne ,  I .  M a nner s ,  J o ur na l  of  t he  A m er ican  Che m ic al  S oc i et y  20 10 , 13 2,  1 33 32- 1 334 5.[ 270]  A .  P au l,  C .  B .  M us gr av e,  A ng e wan dt e  C hem ie  I nt er nat i on al  E dit io n 20 07 , 46 , 81 53- 8 156 .[ 2 71]  N .  B la qu ier e ,  S . D ial l o- Gar c i a,  S . I . G or e ls ky , D . A . Bl ack ,  K . Fag nou ,  J o ur na l  of  t he Am er ica n Ch em ica l Soc iet y  2 00 8,  1 30 , 14 034- 140 35 .[ 27 2]  T.  Ikar iya ,  A .  J .  B lac ker , Acc ou nt s  of  C he m ic al  R es ear ch  20 07 ,  40 ,  13 00- 1 30 8.[ 273]  a R.  Noy or i ,  S . Has h iguc hi ,  A cco unt s  of  C hem ica l Res ear c h 199 7,  30 , 97- 1 02;  bR .  N oy or i ,T . O hku m a , An ge wa ndt e  Che m i e Int er nat io na l Ed it i on  2 001 ,  40 ,  4 0- 73 .[ 27 4]  Y.  K a wan o , M .  S him o i,  C hem is t r y  Let t er s 19 98 , 27 , 93 5- 93 6.[ 275]  C .  J .  St e ven s ,  R .  D al la negr a,  A.  B .  C hap l in , A . S.  W el ler ,  S . A.  M acgr e gor ,  B . W ar d ,  D . M cKa y,  G.  Alc ar az , S.  S abo- Et i enn e , Che m is t r y  –  A Eur o pe an  J our na l 20 11 , 17 , 30 11-  
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