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Resumo

Este trabalho apresenta o primeiro estudo sistemata histéria da quimica dos
boranos, compostos de boro e hidrogénio cujastesisl e natureza das ligacdes
quimicas desafiaram de forma irredutivel a teodaliacdo quimica até aos anos
cinquenta do século XX.

Actualmente, a quimica do boro € um dos mais pEIMES ramos da quimica, com um
vasto leque de aplica¢des as industrias quimiGaneatéutica, & nano-tecnologia e a
medicina. Neste ultimo ramo, destacam-se as apksaga luta contra o cancro e no
desenvolvimento de medicamentos com um elevadodgra&specificidade e inovacao.
Num futuro proximo, espera-se que a quimica do lsmja capaz de operar uma
verdadeira revolucao social, posicionando-se coma poderosa alternativa a quimica
do carbono que sera capaz de oferecer todo um movalo de aplicacdes inéditas.
Estas sé@o o resultado da fascinante capacidad®emo de boro para se ligar de formas
surpreendentes e formar complexas estruturas gbasseam em compostos de boro e
hidrogénio (boranos).

A grande apeténcia do boro para se ligar ao oxigémpede que os boranos existam na
natureza. A grande susceptibilidade destes a adgdbumidade e do ar torna-os
especialmente instaveis e dificeis de manuseasepar.

Embora apresente pela primeira vez uma descricdalhdda das principais
contribuicdes feitas pelos pioneiros desta quira@éongo do século XIX, este trabalho
foca-se na era moderna da histéria dos boranospape considerar-se ter comecado
com o trabalho de Alfred Stock na Alemanha. A obe Alfred Stock é aqui
amplamente descrita e discutida. S&o descritosractes inovador e os detalhes
técnicos das suas investigacdes, dando-se espeia aguelas que se viriam a revelar
importantes na busca pela estrutura dos boranotantbém salientado o papel
instrumental da analogia entre o carbono e o banarabra de Stock.

Efectivamente, Stock dedicou-se ao estudo dos bsnaorque a analogia entre carbono
e boro o levou a acreditar que poderia vir a destalma quimica do boro tao fértil
quanto a do carbono. Recorrendo as suas inovaébegds, Stock conseguiu isolar
pela primeira vez varios boranos. Com efeito, eb®E2 e 1914, o tetraborangHB,, 0

diborano BHg e decaboranogHi4 foram identificados e estudados. As suas formulas



puseram imediatamente em causa a ideia de queno &® boro era trivalente nas suas
ligagBes e que tinha sido estabelecida ao longeédalo XIX pelo estudo de outros
compostos de boro. Pelo contrério, estavam magadeo com um boro tetravalente, o
qgue se adequava a crenca de Stock numa semelheigariental entre as quimicas do
boro e do carbono.

Em 1916, Gilbert Newton Lewis publicou a sua teosagundo a qual a ligagcéo
guimica entre dois &tomos era estabelecida atdeétiferentes graus de partilha de
pares de electrdes. No entanto, os boranos nawiposslectrdes suficientes para
sustentar as suas ligacdes através da partilharde ge electrbes, quaisquer que fossem
as suas estruturas. O fendmeno ficou conhecido ctnsaficiéncia electronica”
(electron deficiency). Seguiram-se inameras terdatipara tentar lidar com este
fendmeno, em especial no borano mais simples, oratio BHs. No entanto, este
mostrou-se irredutivel e todas as estruturas ptaposnplicavam, ou estruturas
singulares no panorama quimico, ou 0 abandono d&ipios fundamentais da
emergente teoria da ligagdo quimica, como a ligagéicemparelhamento de electrdes
ou o octeto de electrbes. Neste trabalho demosstrarequivocamente a grande
relevancia teorica atingida pelos boranos na époman, tentativas de resolucdo do
problema por parte de todos o0s principais contlim@s para a teoria da ligacao
quimica.

No inicio dos anos vinte, Stock isolou os pentabosaBHy e BsHi; € 0 hexaborano
BsH10, O que 0 obrigou a rever a tetravaléncia do ba® boranos. No entanto, em
1925, Herman Mark e Erich Pohland (um dos colalmreside Stock) tinham analisado
uma amostra cristalizada de diborano (um gés adaeatyra ambiente) por difraccao de
raios X e concluido que este apresentava uma greemelhanca com o etangHs.
Este resultado levou Stock a manter a tetravalédcidooro no diborano, mas foi
obrigado a aceitar a coexisténcia da tetravalé@datrivaléncia do boro nos boranos.
Com o avancar do trabalho de Stock e do seu grepo,especial com as suas
investigacdes sobre os compostos de sodio e deiaroodo diborano, pareceu ficar
evidente que dois dos seis atomos de hidrogénailswano tinham um papel especial
na sua estrutura. Esta interpretacdo levou a qeraapluas das muitas propostas para a
estrutura do diborano fossem consideradas comamuenates com os factos empiricos:
a estrutura semelhante ao etano {BH(BHs) proposta por Nevil Vincent Sidgwick em
1927 e apoiada e modificada por Linus Pauling eBi18m que cada atomo de boro

estaria ligado a um atomo de hidrogénio por umalalectrao (one-electron bond), e a



estrutura semelhante ao eteno,BH= B'H,J2H" , em que os dois protdes se
encontravam inseridos dentro da nuvem electrérisadois atomos de boro, e que foi
proposta em 1928 por Egon Wiberg, um dos alunadadoradores de Stock.

Em 1931, Stock, Wiberg, Hans Martini e August Naskpublicaram um estudo sobre a
electrélise do composto de amoniaco do diboranoansatucdo de amoniaco. Esta
reaccdo foi explicada através de um mecanismo poia\a fortemente a estrutura de
Wiberg e contribuiu decisivamente para que estehags® uma preponderancia
momentéanea no debate sobre a estrutura do diborano.

Embora reconhecendo que a estrutura de Wiberg eguada de forma notavel aos
resultados experimentais, incluindo resultadosmémicados que haviam sido obtidos
por Hausser sobre o espectro de absorcdo ultret&ialo diborano, Stock preferiu
manter-se de fora do debate, acreditando que aesoducdo ndo podia ser atingida
através dos conceitos de uma teoria da ligacaoicmigue havia sido desenvolvida a
partir da quimica enganadoramente simples do carbon

Entretanto, a consciéncia de que os rendimentasreamente baixos dos métodos de
producdo de Stock impediam uma investigacdo maislage intensiva que pudesse
levar a resolucéo do problema, levou a uma buscepdes métodos por volta de 1930.
Quer Stock, quer Bertram Steele na Austrdlia cansmg pequenos avancos ho
método de Stock, baseado na ac¢do de acido ctari(fiCl) sobre um composto de
magnésio e boro. No entanto, os novos métodos Besanontinuavam a usar solucdes
aquosas de acidos, o que, dada a sensibilidad&éatasos a hidrdlise, impedia um
aumento significativo dos rendimentos das reacgégwoducao dos boranos.

A solucao foi encontrada inadvertidamente por Harmbving Schlesinger e Anton
Behme Burg em 1931, do departamento de quimicardeetsidade de Chicago. A
descoberta foi feita no contexto do trabalho da@itole Burg, sob a orientacdo de
Schlesinger, e a propdsito de uma tentativa falltedproduzir boro puro em que foi
detectada a presenca de grandes quantidades dandib® novo método ndo envolvia
a utilizacéo de solucdes acidas mas sim a aplicdgamna corrente eléctrica e permitia
obter rendimentos incomparavelmente maiores a&atk (55% contra os 3 a 5% de
Stock). Schlesinger e Burg iniciaram entdo invesip que visava a producdo dos
restantes boranos a partir do diborano, agora meéssivel. Com muito poucas
excepcOes inteiramente ocasionais, como a de Befitaele, os grupos de Stock e de

Schlesinger foram até aos anos quarenta os Unisogedizar os boranos, tornando-se



os centros difusores das amostras necessariaaiaos @studos que se fizeram sobre o
diborano.

O problema estrutural constituiu a motivagdo ddeSafiger e Burg para se dedicarem
a este tipo de quimica e o seu programa evidercigrscisamente pela completa
dedicacdo a sua resolucdo. Schlesinger e Burgitauae que o diborano tinha uma
estrutura semelhante a do etano e que, portantgjstia na ligacdo de dois radicais
BH; entre si. Mas Stock havia falhado na decomposigadiborano em duas moléculas
BH3; e Schlesinger e Burg orientaram uma parte do segrgma de pesquisa para o
estudo da estabilidade da ligacdo entre os doma#ade boro. Também estudaram
reac¢cdes que evidenciaram a incorporacdo de magedBH que provinham do
diborano, pretendendo assim estabelecer a molBe¢ld@omo a unidade estrutural que
permitia compreender as reac¢des do diborano carmsocompostos e, indirectamente,
estabelecer a realidade estrutural de dois griaplaso diborano.

As investigagOes de Schlesinger e Burg prosseguwiampouco a contra-corrente,
devido a vantagem de que usufruia o modelo de Wiper conseguir explicar a
electrélise do composto de amoniaco do diborano. siflacdo agravou-se
significativamente com a publicacdo por Wiberg de extenso artigo de revisdo em
1936. Wiberg admitia ai que a quimica por si soputha resolver a questéo e invocava
como argumentos definitivos em favor da sua teomsa série de medicdes de
propriedades fisicas do diborano, como o compor&meagnético ou o0 momento
dipolar, que entretanto haviam sido realizadas \@oios autores interessados em
contribuir para esclarecer o problema estruturalidorano.

No entanto, em 1936, Simon H. Bauer, do Instit@d dcnologia da Califérnia, iniciou
uma seérie notavel de estudos de varios boranogata recente técnica de difraccao
de electrbes, que havia sido desenvolvida por Rawli partir da técnica criada por
Mark e Wierl em Berlim e que viria a ser usada nextenso programa de analise
estrutural de centenas de moléculas. Ao contr&imutras técnicas, a difraccdo de
electrbes permitia colher informacédo directa soareestrutura de uma molécula,
nomeadamente sobre as distancias entre os vagteoaa molécula. Assim, logo em
1937, Bauer publicou um artigo sobre a estruturaditberano em que afirmou ter
provado a veracidade de uma estrutura semelham&ao para o diborano e eliminado
definitivamente a estrutura de Wiberg. Mais, usandoonceito de ressonancia de
Pauling, Bauer foi capaz de desenvolver uma esfrglectronica para a molécula do

diborano que Ihe permitiu apropriar-se da maiona desultados experimentais que



haviam sido invocados por Wiberg em 1936 e rejeisarestantes. No entanto, ao fazé-
lo, Bauer entrou em contradicdo com os resultadaguémica analitica que haviam sido
obtidos por Stock e por Schlesinger e Burg e qdeeavam um papel especial de dois
atomos de hidrogénio na estrutura do diborano.

O resultado disto foi que se criou uma situacaofusanem que os dois partidos
oponentes se apropriaram dos mesmos resultadossfigj pior ainda, foi criada uma
separacao entre os partidarios da estrutura sembelha etano, que se viram obrigados
a manterem-se fiéis as suas filiacdes disciplinaPes um lado, Bauer e 0s seus
resultados da difraccéo de electrdes a que juntautaorizacdo baseada na ressonancia
de Pauling e na teoria das orbitais moleculareRdeert S. Mulliken; por outro,
Schlesinger e Burg, com as suas investigacfes @samuimica que indicavam um
papel especial para dois dos atomos de hidrogérigressante foi o papel importante
que a analise de difraccdo de raios X da estratistalina do diborano, feita por Mark
e Pohland em 1925, teve quer para Bauer, querSxni@singer e Burg. Interessante
porque na verdade ndo podiam ser feitas inferéulastas de uma estrutura cristalina
para uma estrutura da mesma molécula na fase gdstsg@rova que, face a maior
adequacdao experimental da estrutura de Wiberg guacklesinger e Burg iniciaram as
suas investigacoes, a opcdo destes pela estrammalgnte ao etano ndo se deveu a
critérios objectivos mas sim a um principio metafisde uma analogia entre as
quimicas do carbono e do boro.

No meio disto tudo, os resultados da electréliseaoposto de amoniaco do diborano
persistiam como o grande trunfo que restava aaede Wiberg, para além da
incompatibilidade entre os resultados de Bauer 8atidesinger e Burg. Esta vantagem
foi anulada por Schlesinger e Burg em 1938 quarsteseapresentaram um novo
mecanismo para a electrolise do composto de anmmiacdiborano. No entanto, a
incompatibilidade entre os resultados da quimiazs ele Bauer impedia o fecho do
debate, que ameacava eternizar-se.

Esta situacdo confusa viria a ser esclarecida cemesgéncia de uma terceira estrutura,
denominada “em ponte” porque dois dos hidrogénasdidorano faziam a ponte entre
os dois atomos de boro. Esta estrutura permitiengler as diferentes posi¢cées no
debate estrutural sobre o diborano como aproprsagéaeciais de uma mesma realidade
tornadas incompativeis por diferentes filiacbesl@as alternativas disponiveis dentro

do metaprincipio de uma analogia entre as quinticasarbono e do boro.



Entretanto, Schlesinger, Burg e Herbert C. Browscdbriram os metaloboranos,
compostos de boro, hidrogénio e atomos metdlict®, (laluminio e berilio) e
aplicacdes importantes dos diborano na quimican@gé&omo agente redutor. Estas
descobertas viriam a ter desenvolvimentos incrimeiscontexto da participacdo de
Schlesinger e Brown no Projecto Manhattan. Os taso$ ai obtidos permitiram a
quimica do boro abandonar o debate estruturaler tazransicdo para a producdo em
larga escala, prontamente apropriada pelas indésitiimica e farmacéutica, bem como
a busca pela utilizacdo dos boranos como combisstieeclevado rendimento (quase o
dobro do dos combustiveis fésseis) em super boraivas] cacas de combate, misseis
de longo alcance e foguetbes espaciais, no contiext@uerra Fria. Curiosamente, todas
estas tentivas, e muitas outras desde entdo, ida@j@s bélicas para os boranos apenas
tém resultado numa destruicdo massiva de dinhpmoa além da perda de vidas
humanas na sequéncia de acidentes na utilizacaostirad destes compostos
perigosamente instaveis.

A historia do diborano tem importantes implicacGesra uma seérie de temas
proeminentes da histéria e filosofia das ciéncia@ntribui para a discussdo sobre a
plasticidade das ideias e 0 modo como estas s@zeape evoluir e serem apropriadas
por diferentes contextos tedricos. Contribui tamlaknforma muito esclarecedora para
a resolucdo do eterno debate financiamento pubkersusfinanciamento privado da
investigacao cientifica.

A histéria do diborano pode contribuir de formatjaftarmente significativa para
esclarecer a verdadeira natureza da quimica gaastipara o debate acerca da
redutibilidade da quimica a fisica.

A histéria do diborano prova também o papel funda#aleque principios metafisicos,
ainda que errados, como a analogia entre a quiinit®ro e a do carbono, assumem na
criacdo e manutencdo de programas de investigagtmsf ainda que a comunidade
cientifica envolvida n&o tenha consciéncia disso.

A nivel historiografico, a historia do diborano yaoa fecundidade da abordagem
defendida por Jed Buchwald e Allan Franklin, nona@aeinte em casos historicos

relativamente recentes como o do diborano.

! Buchwald, J., Franklin, A., “Introduction: Beyomisunity and Historicism”, in Buchwald and Franklin
(eds.)Wrong for the Right Reasofidew York: Springer, 2005), pp. 1 — 17.



Abstract

Nowadays, boron chemistry is one of the most prmgidields of chemistry, with
pervading and exciting applications to chemical grtarmaceutical industry, to
nanotechnology and medicine.

However, during their first three decades, the itgdr of boron had no application
whatsoever and it was their puzzling structure shistained all research on them. Since
the isolation of the first hydride of boron in 19itfey had been considered one of the
most puzzling phenomena in chemistry and they methag keep their irreducibility
until the 1950’s. In the process, they forced bémebry to abandon one of its most
fundamental paradigms: the atom-to-atom bond.

The present work offers the first systematic histdraccount of the borane’s route to
industrialization since their discovery, with aostg focus on the role played by the
structural debate. The analysis is supported byerg thorough and comprehensive
study of the technical questions involved in thepdie.

The historical investigation of any scientific fiédliscipline/specialty can be guided by
numerous hopefully complementary approaches andralplumethodological
commitments. However, in any given area, no trupsistent historical account can
exist without an initial systematic and compreheasissessment of the evolution of its
technical problems. It is my contention that thertsng point should be the basis upon
which social, cultural and intellectual approacbas later (or simultaneously) find their
unquestionable grounding and utility. Thus, thespre work is clearly assumed to
provide such a groundbreaking point of departure.

The present work proves that the chemistry of §drides of boron was an integral and
important part of theoretical chemistry in the tivetlh century. No diachronic account
of the history of chemistry in the twentieth cegtwan ignore the history of the
hydrides of boron. The history of these compoursl®gsential to put into a more

inclusive perspective the history of chemical bond.

The history of diborane raises the question of hdeas are able to evolve and be

appropriated by other participants in new theoa¢tontexts.



Ignoring the history of the hydrides of boron carlydead to a mistaken perception of
their own identity. Such is the case with the pnélgeprevailing idea that up until their
use outside the academic environment, they had laberatory curiosities. The present
work demonstrates that during their laboratory phtagy were rather seen as a pressing
theoretical problem and this perception entirelidgd all investigations.

An interesting historiographic issue raised byhistory of the hydrides of boron is the
dramatic role played by war in their mutation imdustrial and commercial products.
Diborane’s history also has important bearings les debates over the reducibility of
chemistry to physics and the true nature of quardemistry.

It is in complete agreement with the historiographsion expressed a few years ago by
Jed Buchwald and Allan Franklin and in fact it peewvits fertility, at least on what

concerns relatively recent historical processes.

Keywords: diborane and theoretical chemistry, history of¢hemical bond, puzzling

structure, analogical reasonmeguctionism

Palavras-chave:diborano e quimica tedrica, histéria da ligacaioniga, estrutura

surpreendente, racimcpor analogia, reducionismo

2J. Buchwald, A. Franklin, “Introduction: Beyonddbinity and Historicism”, in Buchwald and Franklin
(eds.)Wrong for the Right Reasofidew York: Springer, 2005), pp. 1 — 17.
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Introduction

Nowadays, boron chemistry is one of the most prmgidields of chemistry, with
pervading and exciting applications to chemical grttarmaceutical industry, to
nanotechnology and medicine. Amazing strategiefggtd cancer, as Neutron Capture
Therapy, are increasingly becoming implemented. yTla@e based on peculiar
nanostructures made possible by the unique phyar@ghichemical properties of boron
and its intriguing and beautiful compounds basedoron hydride structures: boron
nano molecular devices designed to deliver medicmelecules to specific
physiological structures; boron-10 inorganic copycures of DNA, able to deceive
cancer cells and enter their nuclei, waiting tddvgeted by neutron cannons operated in
gigantic high energy accelerators which will cabseon-10 isotope to disintegrate and
liberate massive amounts of disruptive energy &hbsting cancer cell but not to its
neighbours. None of these is science fiction angmior a near future they are expected
to bring a profound revolution to society and tacdree a powerful alternative to
organic chemistry, a whole new world of incredildpplications which are made
possible by boron’s fascinating ability to bondpnzzling ways and form extremely
complex structures that are not found in carbouocsires. Because they can not be
found in nature, live systems did not evolve to eopith boron compounds and
therefore, these are not susceptible to enzymétcka This opens an entire field of
unique opportunities that cannot be achieved watth@n compounds, such as designing
medicines able to reach their objective absolutelgitered.

One curious nice thing about the hydrides of basotinat, despite massive investment,
no military applications have been possible. Exatgmpt ended up with a huge loss of
money and a serious waste disposal problem (withduloss of money, naturally...).
Boron hydrides (or boranes) were the first to lsealvered, but since the late 1930's —
early 1940’s they have been combined with metalimns (metalloboranes) and carbon

(carboranes) in beautiful and complex cage strestwsuch as those below:
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However, during their first three decades, the itgdr of boron had no application
whatsoever and it was their puzzling structure shtained all research on them. Since
the isolation of the first hydride of boron in 19&tfey had been considered one of the
most puzzling phenomena in chemistry and they methag keep their irreducibility
until the 1950’s. In the process, they forced bdmebry to abandon one of its most
fundamental paradigms: the atomatmm bond.

Although the first observation of a combinationbmfron and hydrogen was reported
200 years ago, its actual existence received gieretadistrust for many decades. The
modern age of the hydrides of boron began in 194 iavolved a crucial technical
evolution specifically designed to establish andidgt these compounds. Most
important, the decision to develop this field wastained by the belief in an essential
analogy between boron and carbon chemistry abigléaesearch for many decades.
After their discovery in 1912, the peculiar empmtidormulas of the hydrides of boron
immediately put into question contemporaneous idess boron’s trivalency.
Nevertheless, they seemed to be in good agreemémawetravalency similar to that of
carbon. Just a few years latter, in 1916, they vievad to be irreducible to Lewis’
electron pair covalent bond. At this initial stad@tle empirical information was
available while bond theory was still strugglingatthieve consistency. In this context a
great deal of creativity and an incredible rangditierent structures for the simplest of
the hydrides of boron, diborane &), were proposed by all key contributors to bond
theory. However, diborane and the higher hydridésboron kept defying the

understanding of their chemical bond nature forr dogy years.
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Throughout this entire period, research was egtigelided by the belief in a wrong
analogy between boron and carbon chemistries. [EHiso a vigorous debate between
ethane-like and ethylene-like structures, eachionpdying unprecedented bond types.
The dispute ran intertwined with the emerging ptgismethods of structure analysis,
which were hungrily used to complement indirectroloal evidence. However, due to
an unusually explosive combination of methodologasal interpretation contingencies
caused by the analogy with carbon chemistry, tHeateled to a confusing state in
which the same data were appropriated by both ndimg parties. Even more
confusing, within the same party conflicting dated &nsuing interpretations were put
forward by advocates of different disciplinary cués.

This authentic “Gordian Knot” was latter solved the emergence of a third party
which championed a non carbon-like bridge structlieerise began with the work of
B.V. Nekrassov in 1940, which was followed by therkvof Y. K. Syrkin and M. E.
Diatkina in 1941. However it definitely became ai@gs candidate to the solution
through the work of H. C. Longuet-Higgins and R.Bell in 1943. Finally, the blow
fell in 1948, when an infra-red spectroscopic asialyoy W. C. Price definitely ruled
out the ethane-like structure. While diborane’suctire was then reasonably
established, such was not the case with the nafute bonds. Its clarification was due
to work of W. N. Lipscomb in 1956, with the abandwent of the atom-to-atom bond
paradigm and the quantum explanation for the ssinmibridge structures of the
hydrides of boron. These structures revealed areamw and complex structural world
in chemistry, completely distinct from organic chstry. The presently accepted
structures for the most historically important hglds of boron are presented below

(boron atoms in pink and hydrogen atoms in white):

Diborane g Tetraborar®H g
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By this time, those engaged in analytical chemikag already abandoned the structural
debate and, with all the knowledge they had gathetgle involved in the dispute, they
were able to lead boron hydrides to their first leggpions in chemical and
pharmaceutical industry. Their (frustrated) invehent in the Manhattan Project
became crucial at this point.

The present work offers a systematic historicaloaot of the borane’s route to
industrialization since their discovery, with aostg focus on the role played by the
structural debate. The analysis is supported byerg thorough and comprehensive
study of the technical questions involved in thepdie.

Curiously enough, despite being such a promisielg fiwith an enthusiastic community
that has grown from a very restricted number ohpers to a fully globalized network
of specialists, boron chemistry has been missirggrogjor feature central to build the
identity of any scientific community: its history.

To my knowledge, there is no comprehensive or syatie account of the history of the
hydrides of boron, whatever the meaning one mayritescto the words
“comprehensive” or “systematic”.

Typically, one can find very brief references t@ thioneering character of Alfred
Stock’s work, invariably followed by a “quantum pgaof several decades to present-
day research on boron chemistry.

The only independent biographical source on Steekns to be Egon Wiberg's “Alfred
Stock 1876-1946" Wiberg was a close friend and one of the mosbitamt Stock’s
co-workers. He was also one of the key playerhiénhistory of the hydrides of boron
and a very famous inorganic chemist. In 1977, alnslworter English version of this

% Egon Wiberg, “Alfred Stock 1876-1946Chemische Bericht® (Oktober 1950), XX — LXXVI.
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work was published, containing just a few minoritidds to the original articfe This
publication in English was preceded in many yegr¥ioginia Bartow’s work “Pioneer
Personalities in Borane Chemisttyivhich, on what concerns Stock, can be considered
a shorter free translation of the original biograph work on Stock by Wiberg.
Bartow’s work was found to be singularly informaion what concerns the “pre-Stock
era”.

Pierre Laszlo’s work “Diborane story” must also ientioned. Although in a very
different perspective and in a sketchy way, it refer the first time, to my knowledge,
to many key points in the search for the structfréiborane. It also contains a very
interesting analysis of its philosophical and stogecal implications.

A crucial contribution was made by one of the kégyprs in this history, Herbert
Charles Brown. His love for the history of chemystied him to an unusual
autobiographical approach in his bo8lranes in Organic Chemistrithat allowed
privileged insight for the evolution of boron hydiei chemistry from academic to
industrial environment. Several other publications by Brown followed thame
historical approach.

Chemical Education and Chemical & Engineering Neawscles were also used as
additional biographical sourceBhe New York Timeaticles were used in the history of
the attempts to develop boron hydride super-fuels.

Apart from the aforementioned sources, the preserk is entirely built on a historical
analysis of contemporary research articles or books

The few historical works on the history of diborawnewhich | have just referred were
authored by participants, chemists or chemists @b in the history of chemistry.
More surprising is the utter negligence of thisi¢opy historians of science and
specifically by historians of science, especidilgge who have delved in aspects of the

history of the chemical bond, like Mary Jo Nye afdliam H. Brock. It is true that the

4 Egon Wiberg, “Alfred Stock and the renaissancénofganic chemistry”Pure & Appl. Chem.49
(1977), 691-700. Translation from the German byN#th and R. H. Walter.

® Virginia Bartow, “Pioneer Personalities in BoraBG&emistry”, in Robert F. Gould, (edBorax to
Boranes Advances in Chemistry Series, 32, (WashingtonCD.American Chemical Society Applied
Publications, 1961), pp. 5 — 12.

® p. Laszlo, “Diborane Story”. Available http://www.pierrelaszlo.com/articles/angewandterated51-
diborane-storylLast accessed on 16 November, 2011.

"H. C. Brown,Boranes in Organic ChemistiNew York: Cornell University Press, 1972)
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history of the 28 century chemistry has deserved comparatively &tention from
historians of chemistry than many other periodpatiods. This is especially true for
inorganic chemistry. One such example is an upate finh de siéclesurvey such as
William Brock’s History of Chemistf/which offers a discouragingly brief and sketchy
reference to the history of the chemical bond ame\en sketchier discussion within
the framework of quantum chemistry. Another suchnegle is Aaron J. lhde'She
Development of Modern Chemistrjlthough including a section on the history of the
hydrides of boron, a remarkable feature, it cossista 3 pages sketchy account that
contains some fundamental errors. Even authors ascKostas Gavroglu and Ana
Simbées who have been consistently addressing \sarampects of the history of
quantum chemistry, have not addressed the hisfdhequzzling structure of diborane.
Fortunately, Ana Simdes has long been aware dmortance and presented me the
theme, this way proceeding to correct the situation

The pioneer character of this work dictated iturein more than one way. Since the
literature consulted has been devoted to complelieian, it was decided to include
extensive citation of the most significant stateteenThis choice is due to the
desirability to provide an argumentation truly ogersurvey. Furthermore, | hope that
this decision will render relatively easy for otheo use this investigation as a starting
point for further work in this area, in such a way to enable to offer a historical
interpretation grounded on a sophisticated contdiziation, able to pay heed to how
different social and cultural contexts shaped imiots ways different chemical
communities and chemical cultures.

The historical investigation of any scientific fiédliscipline/specialty can be guided by
numerous hopefully complementary approaches andralplumethodological
commitments. However, in any given area, no trupsistent historical account can
exist without an initial systematic and compreheasissessment of the evolution of its
technical problems. It is my contention that thertsng point should be the basis upon
which social, cultural and intellectual approacbas later (or simultaneously) find their
unquestionable grounding and utility. Thus, thesprg work is clearly assumed to
provide such a groundbreaking point of departutewas largely dictated by the

circumstances under which it was written, deprieédny access to a less internalist

8 W. H. Brock, The Fontana History of Chemistfiyondon: Fontana Press, 1992).

° A. J. IhdeThe Development of Modern Chemigidew York: Dover Publications, 1984).
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type of sources allowing for a more appealing, dartainly no more fascinating, social
or cultural approach. It must be said, however, itha not clear that the latter will ever
be possible in any considerable detail. The distgrlutter negligence to which the
history of this field of chemistry has been devoéggears to have caused it irreparable
damage and loss of precious eventual sources afnggtation. With the fortunate
exception of Simon H. Bauer, one of the key playerthe history of the hydrides of
boron, all the protagonists are already deceashdir Testimonies and recollections
were never taken in any specifically oriented wmitw, in an appalling demonstration
of inscrutable negligence by historians of sciefi¢eere are no archive sources for most
of them. Numerous attempts were made to locateteakarchive sources for the most
important scientists involved in the developmentttoé chemistry during the period
covered but none of them succeeded. By the conttiaeyinexistence of one of them
was, unfortunately, definitely established with Ked help of specialists of the Special
Collections Research Center of the University ofc@ho. Repeated attempts to locate
descendents of several scientists were also ftadtrélans M. Mark, Herman Francis
Mark’s son, was especially kind in his will to cawspte with this investigation, but
unfortunately he could not help because the impopparticipation of his father in the
history of diborane has been completely overshadobse his work as pioneer of
structural and polymer science and founding fatsifepolymer science in the United
States. This is a paradigmatic example of how dibeis history has been put aside,
leading to irreparable loss of crucial historicalisces.

The chapter on the numerous structures proposedlibmrane aims at establishing
diborane’s importance for the chemical bond theang at illustrating the laborious
ingenuity it required from researchers. Constraimgdhe sources used (mostly primary
printed sources) a contextualized history of theows proposals for the structure of
diborane remains largely to be done. Such worklesrly beyond the scope of the
present work. | plan to contribute to it in theyweear future.

In any case, and having in mind the type of soueses the historical choices behind
this thesis, the history of diborane has provedeaxely rich in enabling to understand
the complexity of this discovery process, the afl@analogy as a guide to discovery, the
almost metaphysical assumptions behind it, andréséstance to discovery due to

various methodological and cultural commitmentgldb revealed itself as an important
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corroboration of the historiographic views put fang by Buchwald and Frankfihand

an important contribution to the debate on the cdallity of chemistry to physics.

Due to a limited ability to translate the Germaerhture, this account cannot avoid the
risk of unbalanced evaluation of the argumentatiom one of the parties. Even so, it is
believed that all the important arguments and idea® covered. The literature for the

period studied in the MSc thesis was covered s\aieally.

193, Buchwald, A. Franklin, “Introduction: Beyonddbinity and Historicism”, in Buchwald and Franklin
(eds.)Wrong for the Right Reasofidew York: Springer, 2005), pp. 1 — 17.
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1 - Pre-History

In a preliminary note written in 1879, Francis Jorieaced back the history of the
hydrides of boron to Humphrey Davy’'s announcemdna @ompound of boron and
hydrogen'* Indeed, it has been unanimously attributed to Ctheyfirst claim for such
discovery. To be rigorous, at the time he mada i1809, Davy was still convinced that
boron was a metal and nameddracium It was only in 1812 that Davy changed his
mind on the metal character lbbraciumand renamed it boron. “On ne connait pas de
combinaison de bore avec I'’hydrogéne en propodigerminée. Le gaz hydrogéne qui
se dégage de I'eau versée sur du bore réduit aneexges de potassium contient des
traces de ce metalloid®” These statements clearly correspond to the fatigwi

description made by Davy in his report on the idesation of boracium:

| heated the olive coloured substance with potassthere was a combination, but
without any luminous appearance, and a gray metailiss was formed; but from
the effect of this upon water, | could not affirhat any oxygene had been added to
the metal, the gas given off had a peculiar snagilfj took up more oxygene by
detonation than pure hydrogene; from which it sepmbable, that it held some of

the combustible matter in solutidh.

Davy’s claim was also very clearly stated in aeleto Jacob Berzelius: “I have been
much occupied by experiments upon combinationsyolrdgen. [...] | have made a
combination of boracium with hydrogef{*”

According to Jones, Davy’'s claims met great sceptic the inexistence of such a
compound of boron was generally taken for granéeen though this would constitute

an exception among non-metallic elements:

E Jones, “On a Hydride of BororJournal of the Chemical Sociefjransactions, 35 (1879), 41-42.

2.3, Pelouze, E. Fremyfraité de Chimie Génerale, Analytique, Industriedie Agricole, Troisiéme
Edition (Paris :1865). On 1004.

¥ H. Davy, “The Bakerian Lecture. An Account of Soiew Analytical Researches On the Nature of
Certain Bodies, Particularly the Alkalies, Phosghmy, Sulphur, Carbonaceous Matter, and the Acids
Hitherto Undecomposed; With Some General Obsamation Chemical Theory.”Philosophical
Transactions of the Royal Society of Londeor the Year MDCCCIX. Part I. London, MDCCCIX.

1 H. G. S6derbaunBerzelius J Lettres publiées au nom de I'’AcadénsigakR des sciences de Suéde.
Tome 2 (Uppsala: 1912). On 17.
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In that year [1809] Davy stated that a gas, whielstpposed to be a compound of
boron and hydrogen, was evolved by the action deman potassium boride; and
he obtained a similar gas by the action of acidsadvoride of iron prepared by
heating a mixture of boracic acid and iron filings a high temperature. These
results have been attributed to impurities in thbss&ances employed, and it is

generally stated that boron is the only non-metaiement which forms no

compound with hydrogerji.5

Doubts on the existence of a hydride of boron amhsequently, on Davy’s claims
persisted for a long time: “Davy aurait-il vraimendussi a isoler I"hydrure de bore?
Cette assertion semble fort sujette a cautionpnagait que I'existence méme de cette
substance a été mise en doute et niée pendafdngiemps apres cette date.”
Nevertheless, the existence of Davy’s compound meésred or defended by other

illustrious chemists:

Le borure de fer dissous dans l'acide chlorhydrigégage un gaz don't I'odeur
offre de I'analogie avec celle dassa foetidace gaz se trouble au contact de I'eau

de chlore, grace & une petite quantité d’acidegoerui se déposé (M. Gmelin)

Ces phénoménes prouvent que si le bore ne formeapas |'hydrogéne des
combinaisons semblables aus autres métalloidésititependant étre combiné avec
I'hydrogéne, car le bore ne peut étre considerénoeraontenu a l'etat de vapeur

dans ce gaZ. (Berzelius)

In 1881, R. L. Taylor joined Jones and the two wbésyond the latter's initial
investigations, having developed three differenthods to prepare what they assumed
to be a single type of gaseous boron hydride. Td@yacterized it and argued for the

formula BH;.*

> F. Jones, “On a Hydride of BororJournal of the Chemical Sociefjransactions, 35 (1879), 41-42.

63, Pelouze, E. Fremylraité de Chimie Génerale, Analytique, Industriedie Agricole, Troisiéme
Edition (Paris :1865). On 1004.

7). Pelouze, E. Fremyiraité de Chimie Génerale, Analytique, Industriedie Agricole, Troisiéme
Edition (Paris :1865). On 1004.

8 F. Jones, R. L. Taylor, “On Boron Hydridelpurnal of the Chemical Socieffransactions, 39 (1881),
213-2109.
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According to Jones and Taylor there were threedfit reasons that substantiated their
initial departure from the generalized scepticisoward the existence of such a
compound. These can be characterized as involvidgctive generalization, pure

analogy and unification assumptions:

That a hydride of boron might be prepared appehiglly probable from various
considerations; first, the fact that all the otmeetalloids form compounds with
hydrogen; second, the discovery by Buff and Wéet857 of the hydride of the
closely analogous element silicon; and further, diszovery by Frankland of the

compounds of boron with methyl and ethy/l.

Friedrich Wohler and Heinrich Buff had obtained #ikane hydride Siklby pouring
acid on magnesium silicide, and since boron ouglhtave a chemical behaviour similar
to that of silicon, Jones and Taylor built on Waldeand Buff's method to synthesize
their own hydride. Although Jones, in his prelinmnaote, stated he was not aware of
any attempt to synthesize a hydride of boron sbaey, at least one such attempt was
made. Ironically, it was done by Wohler himself,dollaboration with Henri Sainte-
Claire Deville. This was part of a comprehensivekvon the chemical and physical
properties of boron, in which Wdéhler and Devillaioied the priority in establishing

the very chemical similarity between boron andteii invoked by Jones and Taylor:

Il est digne d’'observation que la plupart des cainsples, ceux du moins don't
'etude est faite complétement, se présentent & sous des formes intéressantes,
soit a I'état gazeux ou a I'état liquide, soit étdit solide avec des formes cristallines
ou un éclat métallique remarquable. Le bore selalgépentre le silicium et le
carbone, qui cristallisent tout deux avec une geapdrfection, échappait a cette
regle. Des recherches sur cette matiere, commepeaéehacun de nous séparément
a Goéttingen et a Paris et terminées en commun,ciesger cette exception, et nous
permettent aujourd’hui de montrer le bore commeanalogue du silicium et du

carbone par toutes ses propriétés chimiglies.

9 F. Jones, R. L. Taylor, “On Boron Hydridelpurnal of the Chemical Socieffransactions, 39 (1881),
on 213.

2 F. Wéhler, H. Sainte-Claire Deville, “Du BoreAnnales de Chimie et de Physiqieoisiéme Serie,
Tome LII, Paris (1858). On 63.
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Of course, having discovered the first hydride ib€@n and established the chemical
similarity between boron and silicon, it was onlgtural for Woéhler to search for a
boron hydride. But Wohler and Sainte-Claire Devillere faced with the pervasive

contamination of silicon:

Nous avons essayé également de produire un hydrdgee dans les conditions qui
réussissent si bien pour le silicium. Du borurdudta@nium a éte attaqué par I'acide
chlorhydrique liquide, et le gaz hydrogéne sécléécachauffé a son passage par un
tube étroit: il s’y est déposé du silicium brun sémace de bore, et le gaz en brulant
déposait sur la porcelaine un enduit blanc deeséiatierement insoluble dans I'eau,
et ne contenant aucune trace d’acide borique. li@a&si provenait manifestement
des impuretés de I'acide borique ou de I'aluminiein;hydrogene boré ne se forme

pas dans les conditions ou I'on obtient I'hydrogsitieé **

In their discovery of silane, Wohler and Buff hased magnesium silicide, which they
obtained from magnesium and potassium silicoflierith face of the chemical

similarity between silicon and boron proven by W&itdnd Sainte-Claire Deville, it was
only natural if they used magnesium boride to abgaboron hydride.

However, from the above quotation, it is clear i@y used aluminium boride instead.
The reason is very simple: they tried to obtain nesgum boride from magnesium and
potassium borofluoride, but failed.

Ignoring these failed attempts, Jones also trieff Bnd Wohler's procedures to use
borofluoride, as described in his preliminary natel879. But he failed at it too.

However, his endeavour ended differently as he atds to discover other method to

produce magnesium boride. It relied on the actiomagnesium on boric anhydridé:

Boric anhydride recently ignited is finely powderadd intimately mixed with not
less than twice its weight of magnesium dust. Tleure is placed in a hessian or
iron crucible, the lid of which is firmly wired daw and heated in an ordinary fire.

Repeated experiments showed that no better pradastobtained by using more

2L E. wehler, H. Sainte-Claire Deville, “Du BoreAnnales de Chimie et de Physiqieoisiéme Serie,
Tome LII, Paris (1858). On 88.

22 B,0,, also known as boron trioxide or diboron trioxide.

24



than the above proportion of magnesium, which spweds nearly with that
required by the equation,8; + 6 Mg = BMgs + 3MgO?®

In 1881, Jones and Taylor published two other nith®he first of these consisted in

the direct union of boron with magnesium:

Amorphous boron is thoroughly mixed with rather edhan thrice its weight of
magnesium dust, and heated in a current of hydragem a closely covered
crucible lined with magnesia. At a dull red heatbdnation takes place, the mixture
glows and need not be further heated, but is aliowe cool in a current of
hydroger?*

Jones and Taylor’'s second method used magnesiagt tm boron trichloride:

Magnesium dust contained in a porcelain boat ixquain a combustion tube
connected with a small retort containing boronhiocide. After the air has been
expelled from the apparatus by a current of hydnogiee boron trichloride is gently
heated, and its vapour led over the magnesium,hikialso heatef.

This evolved according to the equation

6 Mg +2BC} = BzMgg + 3 MgCIz

Although these last two methods resulted in sligbgtter products than the first one,
the latter was always preferred because it allogvedter yields.

Strong hydrochloric acid would then be graduallgmired on magnesium boride mixed
“with a little water”. The resultant gas, despitarig slightly soluble, could be collected
over water or might be dried over calcium chloréhe collected over mercury.

Jones and Taylor were perfectly aware that thetlgeyg were able to collect was far

from purity, but all their efforts to improve théguation failed:

2 F. Jones, R. L. Taylor, “On Boron Hydridelournal of the Chemical Sociefjransactions, 39 (1881),
on 213.

24E. Jones, R. L. Taylor, “On Boron Hydridelournal of the Chemical Sociefjransactions, 39 (1881),
on 214,

% E. Jones, R. L. Taylor, “On Boron Hydridelournal of the Chemical Sociefjransactions, 39 (1881),
on 214,
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The gas obtained in this way contains boron hydmileed with a very large excess
of hydrogen, and we have unfortunately not yetalisced any process which will

yield the hydride in anything like a state of pufit
Since they were announcing a novel compound whosgistence had been long
denied, they knew they were bound to face scepti@asnd so, they were extremely
careful in their efforts to establish its empiricaality. Their boron hydride was
submitted to a series of physical and chemical mbsens and analyses to assert its
distinctive properties, the most conspicuous oséhbeing the characteristic odour and

colour of its flame:

The gas obtained as above is colourless, and hastamely disagreeable and very
characteristic odour, producing nausea and headaaewhen inhaled in moderate
quantity. The gas burns with a splendid green flapreducing boric acid by its

combustion. This is well shown by the green tingparted to a Bunsen lamp flame

held above a burning jet of the ¢fas.

The confirmation of the presence of boron in thdride was an extremely important
argument against any attempt to dismiss Jones agldris claims. It was provided by

spectroscopy and chemical analysis:

When observed through the spectroscope, the fldnmron hydride exhibits the
characteristic green boron lines. [...]

Like the hydrides of arsenic and antimony, the gaslecomposed by passing
through a red-hot tube, boron being deposited la®wan film, and if the gas at the

extremity of the tube be kindled, it no longer tmimith a green flam&

The reference to the hydrides of arsenic and amymi@aves no doubt on the
importance of analogical reasoning in Jones andoraypioneering effort to devise
fruitful empirical procedures to study their newdnge.

%5 F. Jones, R. L. Taylor, “On Boron Hydridelournal of the Chemical Sociefjransactions, 39 (1881),
on 215.

2 F. Jones, R. L. Taylor, “On Boron Hydridelpurnal of the Chemical Sociefjransactions, 39 (1881),
on 215.

2 E, Jones, R. L. Taylor, “On Boron Hydridelpurnal of the Chemical Sociefjransactions, 39 (1881),
on 215.
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The two researchers also reported the great syabflitheir hydride when submitted to
the action of water, even for extended periodsmét “It is sparingly soluble in water,
to which it imparts its peculiar odour; the solatis apparently unaltered by keeping,
some of it having been kept for two years withaut appreciable alteratiorf™

Although explicitly aware that the minute quanstief the hydride with which they had
to work precluded any serious attempt to deducéortaula, Jones and Taylor devised
an ingenious experimental method to do it anywayeiTexperimental apparatus and
procedure were designed to analyse a mixture afdgyoh and the hydride, due to their
failure at isolating a pure form of the hydride.eyhalso had to deal with a greater than
normal amount of that mixture, since only extremelynute amounts of the hydride
were present. This forced them to develop a matifersion of Edward Frankland’s
gas analysis apparatus, “differing from it chiefify the greater capacity of the gas-
measuring vessef. A detailed description of this apparatus and éxeerimental
procedure used can be found in Jones and Taylaperp Briefly, their procedure
consisted in injecting and measuring a certain melwf gas in the apparatus, after
mercury had been used to assure that all the dirblean expelled from its interior.
Afterwards, the gas was burned over copper oxide the water resulting from the
combustion was measured. The combustion tube waghee before and after the
combustion and from these measurements the ambomi/gen lost in the combustion
determined. Because the gas used was a mixturly @shposed of hydrogen, the
authors used the differences between the resultsdféor a sample of pure hydrogen
and the ones found for a sample of the mixture dterthine the used quantity and
formula of their hydride.

Since, in the case of the mixture sample, the amofucollected water was consistently
greater than the expected one for the same exaaneocof pure H, the authors were
immediately able to deduce that the hydride mokedwdd to include more than two
hydrogen atoms. They were also able to demonsthateminute amount of hydride
present in the mixture, since the amounts of wateduced by the combustion of each
sample (pure FHand admixed boron hydride with hydrogen) were vepse to each

other.

2 F. Jones, R. L. Taylor, “On Boron Hydridelpurnal of the Chemical Sociefjransactions, 39 (1881),
on 215.

%0F. Jones, R. L. Taylor, “On Boron Hydridelpurnal of the Chemical Sociefjransactions, 39 (1881),
on 217.
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To deduce the formula of their hydride, Jones amyldr performed their most
successful experiment, in which 666.8 cc of thetunx yielded 0.5424 g of water.
Since the same volume of pure hydrogen should featded 0.5377 g of water, the
excess 0.0047 g corresponded to 0.0005 g of hydrogkis corresponded to the
hydrogen in combination with boron over and abda tequired for the formula BH
Accordingly, the authors represented the hydridentda as BH.,. On the other hand,
the 0.5424 g of water obtained corresponded to21.4B8of oxygen, which should have
come from the copper oxide tube. Since the diffeeemeasured in the copper oxide
weight was only 0.4757 g, the remaining 0.0064 @ \ascribed to the deposition of
boron in the combustion tube. Thus, the value obuld easily be calculated through
the proportion 0.0064: 11 = 0.0008: which rendersx = 0.86. The hydride formula,
then, was Bhlgs “which may be considered, under the circumstanédise experiment,

a sufficiently near approximation to BH

Notice that the atomic weight of boron was thenetako be 11 g/mol. Curiously
enough, the present-day value of 10.81 g/mol redulfrom Alfred Stock’s
investigations on the boron hydrides.

In these calculations, Jones and Taylor assumediitya one type of hydride of boron
was present in their mixture. Apparently, this sedrto be a rather natural assumption,
since they did no discussion whatsoever on theestibfhey also assumed that the
molecule of their hydride contained a single atofrboron, presenting without any
justification the only empirical formula of the hyde obtained by their method as its
molecular formula. These two unjustified assumioray have been a consequence of
Buff and Wohler's discovery of silane, which badien remained the only known
hydride of silicon and had a similar formula, %iH

Despite Jones and Taylor’'s efforts to definitelyabish the existence of a hydride of
boron, a decade later Paul Sabatier still refethedt work as uncertain: “On est mal
fixé sur I'existence réelle de I'hydrure de borends serait parvenu a I'obtenir, mélangé
d’hydrogéne, en attaquant par I'acide chlorhydrigulorure de magnésiur'”

In order to test Jones and Taylor's claims, Sabaépeated their preparative method

and observed the liberation of a gas with the aharistic foetid odour and green flame.

31 Sabatier, P., “Sur I'hydrogéne bor€ompt. rend.112 (1891). On 865.
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By decomposing it through heat, electric currerd aotash, he was able to establish
that it was composed of hydrogen and boron, thudircoing Jones and Taylor’s
claims:

Ces divers résultats montrent que le gaz de Jastesoastitué par de I'’hydrogéne
renferment une petite quantité d’hydrure de boeed€rnier est visiblement un gaz
extrémement fétide, brlOlant avec une magnifiquentfiee vert, détruit en ses
éléments par la chaleur rouge et par les étircéllectriques, attaquant le mercure,
et immédiatement décomposé par la potasse aveoissmment de volume (qui

devient sans doubte tripl&).

Also in 1891, Moissan corroborated Jones and Taylasults but he made no further
work.

Unaware of Sabatier's work, William Ramsay and H. Hatfield also began by
referring Jones and Taylor's work in their “Preliary note on the hydrides of
boron”3? They aimed at isolating the hydride of boron tmuéfying it with liquid air.
This approach was a natural consequence of Rams®stery in isolating gases, and
specifically of his wizardry with the inert ones.

They too used Jones and Taylor's method to prefperegas and observed its foetid
odour and its green flame. The boron content of gae was established using an
electrical current upon it. The quantitative analysf this decomposition led Ramsay
and Hatfield to an assumption speculation as testheture of the boron hydride. The
gas probably consisted mainly of the stable comgdByiHs. Having been unable to
reproduce its preparation, they concluded for ttistence of a second unstable form of
BsH3; whose contaminating presence certainly hinderedpiteparation of the stable
form. They further speculated as to the existerfcetlmer boron hydride compounds

whose formulas they represented as folldtvs:

%2 sabatier, P., “Sur I'hydrogéne bor€ompt. rend.112 (1891). On 865.

% Ramsay, W., Hatfield, H. S., “Preliminary note tme hydrides of boron.”Proceedings of the
Chemical Societyl7 (239) (1901), 152 — 154.

% Ramsay, W., Hatfield, H. S., “Preliminary note twe hydrides of boron.”Proceedings of the
Chemical Societyl7 (239) (1901). On 154.
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BH,  H,B—BH, H,B—BH—BH,  Saturated.

<

HB—BH. H,B—B—BH. Unsaturated.
BH
A s eyelo-Saturated.
HB—BH
BH
P eyclo-Unsaturated.
B=B

It must be noticed that all these formulas are isb@st with a trivalent boron atom.

The stable formula of 413 was assigned to the corresponding cyclo-compowhdh
Ramsay and Hatfield named @glotriborene To the unstable form ofsBl3, triborene,
they assigned the unsaturated formujB8=BH.

Ramsay and Hatfield were also convinced that thid sesidue that resulted from the
action of hydrochloric acid upon magnesium boridatained solid hydrides of boron
but did not succeed at isolating them from admixexbn.

Attempts to isolate solid boron hydrides from tlesidues that resulted from the
reactions of boron compounds had already been rbgdseveral authors: in 1880,
Benjamin Reinitzen became convinced that a mixtdinaseparable hydrides of boron
resulted from boron trioxide with potassium undedism chloride; in 1889, Ludwig
Gatterman assumed that the interaction between esagn boride and hydrochloric
acid rendered a hydride of boron; Clemens Winkleho discovered germanium,
thought to have isolatedgB from the action of boiling hydrochloric acid upon
magnesium boride; in 1888, Richard Lorenz, wroteditle entitled “The Valence of
Boron” claiming the preparation of solid hydrideskmron which he was unable to
isolate. All these unreliable claims may have dbaoted to the discredit of the
existence of a compound made of hydrogen and boron.

Thus, the first century in the history of the hy#s of boron was characterized by
generalized discredit towards their effective eiske, the search for technical
improvement to deal with unsurpassable technic#lcdities, unawareness of the
relevant literature and pervasive silicon contatmma But during this period it was
also established the preparative method consigtinge action of hydrochloric acid

upon magnesium boride and the analogy between anta boron.
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The solution to such difficult technical problemkarly required the invention of
specific technology, exclusive dedication and ualiquerseverance and mastery of
chemical science. That was the work of Alfred Stock
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2 - Next to Carbon

At the end of the nineteenth century, the once prent community of German
inorganic chemistry was becoming increasingly dvadewed by the recent successes
of its organic congener. To use Egon Wiberg’s ianl metaphor, after its great
successes of the eighteenth and beginning of tretgenth century, inorganic chemistry
in Germany was now “living a Cinderella’s existermeside its two more attractive
sisters, organic chemistry, already in full blo@angd physical chemistry, which was just
beginning to flower®>.

However inaccurate Wiberg’'s account may be on wiwatcerns German physical
chemistry®, the fact remains that, upon his move to Berlie, famous organic chemist
Emil Fischer had been promised a new building te @hemical Institute of the
University, one that would fit the increasing demsuof education in chemistry. Now,
in 1899, only one year before its scheduled inaatipm, Fischer was resolved to take
advantage of the occasion to boost the renaissa#nGerman inorganic chemistry. He
accordingly took the decision to send two of hacteng assistants to other laboratories
on the very clear mission of learning modern inargaxperimental methods. Alfred
Stock went to Paris, to study under Henri Moissard Otto Ruff made the journey to
Leipzig, to benefit from Wilhelm Ostwald’s supenais.

As written by Wiberg, “it is a tribute to Emil Fiser’s scientific far-sightedness and
perspicacity that his choice fell on Alfred StockdaOtto Ruff whose achievements
were later to pioneer the new golden age of indogelmemistry in Germany*”

The extent of Fischer's wisdom in his choice wolaligr be revealed by Ruff's famous
witty comment: “I know only two important Germanonganic chemists — the other is
Alfred Stock!"®

% E. Wiberg, “Alfred Stock and the renaissance ofganic chemistry’Pure & Appl. Chem. 49 (1977).
On 691.

% Mary Jo Nye,From Chemical Philosophy to Theoretical ChemigiBerkeley: Berkeley University
Press, 1993), on p.169, argues differently, nantedy German Physical Chemistry was then facing
decline too.

37 E. Wiberg, “Alfred Stock and the renaissance ofgranic chemistry”Pure & Appl. Chem 49 (1977).
On 692.

3 E. Wiberg, “Alfred Stock and the renaissance ofgranic chemistry”Pure & Appl. Chem 49 (1977).
On 692.

32



Alfred Eduard Stock was born in 1876, on th& @BJuly, in the seaport city of Danzig,
in West Prussia (since 1945, the Polish city of ii3é#a but moved to Berlin with his
parents when he was only two years old. His fatheigo Johann Ludwig Stock, an
insurance bank official and his grandfather, a t@ecretary and sub-director of an
insurance company, descended from a line of guddkers and farmers. His mother,
Hildegard, née Bube, was the daughter of a recéfideoworker and director of the
ducal art museum. Her ancestors had been offindrade and official service.

Stock’s interest in the natural sciences began garly in his life. When a young boy,
Stock used to press plants, catch salamandersahdtekrfly farming. He went further
with physical and chemical experiments at homesTdarly scientific vocation was
nurtured by his father with all the necessary boaks apparatuses. According to
Wiberg, these included the “great Brehm", the bic&n"Thomé", an air pump, an
electric machine, and “many others.”

From 1882 to 1894, Stock completed his studiesarii at the Friedrich Werderschen
Gymnasium. For his outstanding performance at d¢l8iock was awarded the three-
year Franz Lange Stipendium and the one-year Wag#en Stipendium. This support
would become important after his father’'s untimedath in 1895.

In 1894, at the age of 18, Stock went to the Umsigrof Berlin to study chemistry. At
the time, there were two chemistry institutes: @ under the physical chemist Hans
Landolt; the other was under Fischer, whose rejmuntatttracted an increasing number

of students:

By the time he had passed from Erlangen to Wirzbkigcher's reputation had
become magnetic, and from that period on an inargasumber ofdoctorandi
sought admission to his laboratory. The aggregitieese must be several hundreds,

including many nationalitie®.

% The “great Brehm” is a reference to the famous@mporary work on zoolog§Brehms Tierleben”

by Alfred Edmund Brehm (1829-1884); The botanicBh6mé” is a reference to the worklbra von
Deutschland, Osterreich und der Schweiz in Wort Bild fir Schule und Haus{Flora of Germany,
Austria and Switzerland in Word and Picture for @drand Home), first of 4 volumes with a total at5
botanical illustrations, published in 1885 in GeBermany, by the German botanist and botanicadtarti
Otto Wilhelm Thomé (1840-1925). Thomé’'s work can bseen at http://caliban.mpiz-
koeln.mpg.de/thome/Alphabetical_list.html

0 Forster, Martin Onslow, “Emil Fischer memorialte®”, J. Chem. Soc., Trangl17 (1920). On 1159.
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Accordingly, Stock chose to study with Fischer, s@@oorly ventilated laboratory was
so crowded that Stock had to wait until the thiethester to have a work bench. In the
meantime, Stock was an avid listener of lecturearbhistory, physiology (by Du Bois-
Reymond) and history (by von Treitschke), besidesé on chemistry, physics and
mathematics. During the summer breaks, Stock peddrfurther experimental work in
van't Hoff’s private laboratory, in the contextvan’t Hoff’'s extensive investigations on
the origins of oceanic salt deposits.

Stock soon became teaching assistant of the orgameenist Oscar Piloty, who
supervised his doctoral dissertation. Through Fscind Piloty, Stock’s scientific
training can be traced back to Adolph von Baeymieed, both Piloty and Fischer were
Bayer’'s former students, and, according to Willikhanry Perkin, himself a former

student of Baeyer, Fischer’s teaching methods wssentially those by Baeyer:

Their methods as investigators and teachers werarkably similar in almost every
particular, as indeed might be expected whenriénsembered that Emil Fischer was
not only a pupil, and perhaps the most distingulgepil, of Baeyer, but was also,
for a long period, Baeyer's principal assistant &e thus had every opportunity of
learning the methods of teaching and the art okergenting characteristic of his
great teacher. In charge of large laboratoriesagerded with students, especially
in later years, the first care of both these men teasee that the foundations of the
Science, whether the section was Inorganic or Qcgarere systematically and very
thoroughly taught. With this object in view, theofessor himself undertook the first
elementary course of lectures and placed his missinguished Privatdozent in
charge of the teaching of practical Inorganic Chstryj and thus the foundations
were truly laid and, when the study of Organic Clm was subsequently
undertaken, it was not until a sound knowledgdnofrganic Chemistry had been
secured. Great stress was laid, both by Baeyerbgn&mil Fischer, on a very
thorough training in manipulation and the technigqfeexperimenting, with the
result that when the time came to engage in origivak, the student was in a
position to undertake his task with every prospHcsuccess and needed only the

minimum of supervisiof*

Perkins’ words indicate that Stock received a sdi@ining on both organic and

inorganic chemistry.

“LW. H. Perkin, “Baeyer memorial lecturel, Chem. Soc., Trans23 (1923). On 1520.
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As Stock showed great experimental skills during hindergraduate studies and
doctoral work, Fischer chose him as his teachirgistt for the winter semester in
1898/99 and the summer semester in 1899. That yeathe 18 of May, Stock
defended successfully his doctoral dissertation wad awarded the doctor’'s degree
magna cum laudeHis thesis was entitledA® Quantitative Separation of Arsenic from
Antimony. Monobromacrolien and  Tribrompropionaldédy Bromnitroso
Hydrocarbons and Their Transformation into Pseutiohe”.

In September of 1899, Stock went to Paris to studly Moissan. From Stock’s own
words in his biographical work on Mois$nit is evident that his stay at Moissan’s
laboratory was a time of great enthusiasm and fmcording to Stock, despite the
many material shortcomings faced by the internaliagroup of students that had
gathered around Moissan to learn his techniqugsaiticular to use hiur électrique

all was dealt with in a humorous and cheerful wdgng with the Parisian atmosphere,
Moissan’s great teaching and human attributes raadenduring impression on Stock.
Wiberg testifies that Stock managed to appropiddessan’s most remarkable personal
and professional features, namely his ability teeltgp new laboratory apparatuses, his

concern for orderliness and his oratory gifts:

In particular, Moissan’s principal lectures on iganic chemistry gave him [Stock]
great aesthetic enjoyment by virtue of their claghd the elegant often humorous
and rhetorically sparkling presentation. An equality was thus inspired in Stock,
whose lectures and speeches similarly distinguidihednselves by a masterful,
subtle and elegant command of speech, by lucidsitipo of the material and by a

sense of humour appropriate to all situations, lquitted and, if the need arose,

.43
also sarcastic:

It was on Moissan’s request that Stock first mebhachemistry. His decision to devote
himself to the subject goes back to this periodaad based on a simple analogy with

carbon chemistry:

C’est la que j'ai pris contact avec la chimie duébd_e résultat de mon travail a

Paris fut la préparation des combinaisons jusqrsaloconnues du bore et du

42 A, Stock, “Henri Moissan”B. 40 (A)(1908). On 5099.

“3E. Wiberg, “Alfred Stock and the renaissance ofganic chemistry’Pure & Appl. Chem49 (1977).
On 692.
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silicium SiB® et Si. A cette occasion, jai pu remarquer qu'on CONSgiis

insuffisamment la chimie du bore, bien que le di&tre voisin du carbone aurait da
donner a cet étément un intérét particulier etséts espérer pour lui des
combinaisons plus variées que l'acide borique sthlerates qui, a cette époque,

étaient presque exclusivement confius.

Stock’s ambition was to create a chemistry of baiomlar to that of carbon:

For a long time he had been concerned with thetiquresf whether the immediate
neighbour in the periodic table of the chemically \&rsatile carbon, the element
boron, with which he first made contact under Maigswas really as mundane and
“boring” in its behaviour as was then supposedg. avhether its chemical affinity
was restricted to strongly electronegative element$h as oxygen and chlorine or
whether it was indeed possible to uncover hiddéimités for other entities and

create a boron chemistry similar to organic chemiét

In 1900, after attending the Jubilee World Exhdntin Paris, Stock returned to Berlin
to resume his duties as Fischer’'s teaching assistanv already at Fischer's new
building. According to Wiberg, this was no easysiéion to Stock:

The move from the romantic, lively, cosmopolitanrifian atmosphere and the
pastoral, idyllically situated laboratory of Moiss# the new, basic and simple
home of the Berlin University chemistry faculty, ish was situated amongst large
blocks of houses in a lonely corner of the city ,aadcording to Emil Fischer's
wishes, devoid of any architectural inspirationsea initial difficulties for the 24-
year old assistant. In Paris everything was podtrg: environment, the city, the

people; in Berlin everything was plaff.

Stock eventually managed to readapt himself toiBdxit a further setback expected

him. His plans to work on boron hydrides were aliolie frustrated:

4 A. Stock, “La Chimie du Bore’Bull. Soc. Chim. Franges1 (4) (1932). On 697.

4> E. Wiberg, “Alfred Stock and the renaissance ofganic chemistry”Pure & Appl. Chem.49 (1977),
On 693.

46 E. Wiberg, “Alfred Stock and the renaissance ofganic chemistry’Pure & Appl. Chem.49 (1977).
On 692.

36



Rentré a Berlin, a I'Institut d’Emil Fischer, je iprbientdt la décision de me
consacrer a la chimie du bore et d’examiner en fgnelien les hydrures de cet
élément, au sujet desquels on ne possédait engcoue aenseignement certain.[...]
Emil Fischer, a qui j'avais fait part de mon infentde m’occuper des hydrures de
bore, me dit quelques jours plus tard, que sonRamsay I'avait prévenu que mon
travail ne serait pas récompensé, la question gautes de bore venant justement

d'étre résolue dans son laboratdite.

And in fact, shortly after, in 1901, Ramsay andfigat published their “Preliminary
note on boron hydrides”: “Je renoncai alors a rmptan et me tournai vers d’autres
questions™®

In his search for a new research field, Stock sgemnext nine years investigating the
elements phosphorus, arsenic and antimony and a@letropes and compounds with
hydrogen, sulphur and nitrogen. He also invest@jabt®ron bromide and boron
sulphide. Also, it was during this period that hegén developing the numerous
improvements to apparatuses which would eventwailyninate in his pioneering High
Vacuum Technique, which would readily become ofegahized use in the work with
volatile compounds. Over 60 publications resultexinf Stock’s intense work during
this period. It was also during this period thabckt wrote his Praktikum der
guantitativen anorganischen Analysehose acceptance is testified by its many editions
in numerous languages and which kept being puldisifier his death in extended form
by Herman Lux, one of Stock’s co-workers.

In 1906, Stock succeeded Ruff as Professor and béduds research group. The
following year, the Prussian minister of culturdlaas appointed Stock to equip the
new institute of inorganic chemistry of the Teclechis Hochschule in Breslau, whose
inauguration was scheduled to 1909. Thus, by ime,tStock was already receiving
full recognition as an accomplished experimentereofiarkable technical and planning
capabilities.

It was in 1909, after his official appointment adl fProfessor at the Technische
Hochschule, that Stock, now with his own laboratagcided to resume his initial plans
to investigate boron hydrides. After all those ge&tock’s expectations for a detailed

report on boron hydrides by Ramsay, following hisliminary note with Hatfield, had

47 A. Stock, “La Chimie du Bore'Bull. Soc. Chim. Franges1 (4) (1932). On 697.

8 A, Stock, “La Chimie du Bore'Bull. Soc. Chim. Franges1 (4) (1932). On 698.
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been frustrated. Why this was so, Stock would Idater, in Ramsay’s 1913 book

Vergangenes und Kinftiges aus der Chemie

[...] he had made at least twenty-five unsuccesatbeimpts to reproduce the hydride
B3H3, even though he had employed boron trioxide froiely different sources
and had prepared magnesium boride under all caoalgleivmodifications of
temperature, time of heating, and ratios of redstadnder the most favorable

conditions, only a few cubic centimeters of thehpeanatical gas were obtainéd.

After learning from Fischer that Ramsay had abaaddris work on the boranes, Stock

initiated his own investigations on the subject.

2.1 - Stock’s preparative method

Already in his initial investigations, published k912, Stock was able to dismiss
Ramsay and Hatfield’'s conclusions. He became awzat Ramsay and Hatfield's
samples must have been contaminated with “conditieeamounts” of silicon hydrides
and that these authors had also failed to notiaé ltbron hydrides were completely
decomposed when treated with an alkali. This wasssential observation, already
communicated by Sabatier, since one crucial stdpamsay and Hatfield’s work was

the treatment of the gas containing the boron ligdrivith soda lime:

According to the present writer’s observations,aget of soda lime only a few
centimeters long suffices to remove completelydtler of boron hydride from the
gas passed over it. The supposed boron, obtainedabging an electric spark
through the gas, was not tested further, but unollfp consisted almost wholly of
silicon in such experiments as those made withbfet&;Hs" or with “BH3". Thus

all Ramsay’s analytical conclusions and the infeesn based thereon are

invalidated®

49 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 14.

% A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 14.
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Even so, Stock followed Ramsay in his method t@iobthe hydrides (decomposition
of magnesium boride with hydrochloric acid) becatisevas found to be the most
advantageous method in spite of the poor yieldoobb hydride.*

The preparation of magnesium boride @dg by heating metallic magnesium (Mg)
with boron trioxide (BO3) and its subsequent decomposition with hydrocblagid
was a rather complex set of chemical and physicatgedings whose mastery Stock
could only have achieved by a long “trial and érfnocess. In fact, it was much of an
art, in addition to its scientific nature. A smeXcerpt of Stock’s own description leaves

no doubts about it:

On decomposing the boride with acids, the yielébafon hydride depends not only
on the ratio of Mg to BO3, but also to a large extent on the temperaturd udesn
preparing the boride. The latter must be prepatredumiform glowing temperature,
without too strong heating. The glowing will takiage only if the starting materials
are very finely powered and sufficiently free fromater. [...] It must pass through
silk bolting cloth of 2500 meshes per square cegiim because if one attempts to
powder it by the usual means in the laboratory,highly hygroscopic oxide takes

up too much water, which can not later be remao¥ed.

Even a simple reaction equation could be misleading

The equation BD; + 6 Mg = 3MgO + MgB, calls for 2 parts by weight of

magnesium and 1 part of boron trioxide. At thisoradhowever, the reaction between
the two is so violent that a great deal of the nesgmm vaporizes and the resulting
boride gives a very poor yield of hydride. The gmése in temperature is avoided by
using an excess of magnesium, that is, 8 partsagfnhesium to 3 parts of boron
trioxide. If the amount of magnesium drops to 1t parincreases to 5 parts per part

of boron trioxide, the yield again decrea3es.

The crude gas resulting from the action of hydrogblacid upon magnesium boride
was composed of hydrogen (its chief component)pm@nd silicon hydrides, carbon

dioxide and traces of hydrogen sulphide. The pmsesf boron hydrides could be

L A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 14.
2 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 38.

%3 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 139
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detected by two “very sensitive” qualitative testfie extremely disagreeable,
“chocolate-like” odour - “noticeable even at exteemiilution” — and the green flame
resulting from their combustion, due to the broamdin the green region of boron’s
spectrum.

Since all crude gas components, with exceptionydfdgen, condense on cooling with
liquid air, the condensate thus obtained was a#isdw/transferred to the high-vacuum
apparatus, where its components were isolated anélegd. According to Stock, the

isolation of the individual boron hydrides was aydifficult task that could only be

achieved by fractional distillation.

2.2 - The first hydrides of boron

Between 1912 and 1914, Stock and his co-workerdighda five papers on the
hydrides of boron, reporting the discovery of tlydiides BHo, B,Hs, BigH14>* and the
hypoborates and halogenated boron hydrides formedhb action of alkali and
halogens on them. These results were obtained withe use of Stock’s High-Vacuum
Technique, which at this time was still being depeld. The formulas of Bl and
B4sH10 were the analogues of the corresponding hydrooarlamd Stock was led to
believe that his initial ambition had been accost@d: he had proved that boron
chemistry was indeed similar to that of carbon.

B4sH10: Due to its relative stability towards water,H3o was the first and easiest to be
isolated. Its discoverwas reported by Stock and Carl Massenez in 1912roéin
temperature, B0 is a colourless liquid or gas, with boiling po#it8 °C at 760 mm
Hg. Its instability rendered the precise determamatof its physical constants very
difficult. The purification of BHjo, unlike its isolation, was very difficult and the
removal of the hydrides of silicon implied cons@lae loss of it. When pure,;B1o

does not ignite in air. Its thermal decompositisnguick and forms Bs, BsHg, and

**In the following characterization of the boron higes discovered by Stock and his co-workers when a
Breslau, not all the mentioned properties wereistuduring this period. Strict chronological ordethe
writing would result in a somewhat confusing regdimith no expectable additional advantages, since
Stock continuously sought for improvements or fartbharacterization of the hydrides.
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BioH14. This led to the discovery, first of,Bs, and then to the other hydrides: “It
[B4H10] opened for us the unknown field of the chemistithe hydrides of boror®

B,He: The existence of B1s was reported by Stock and Kurt Friederici in 1918 the
simplest of the hydrides of boron. At room tempemt is a colourless gas with the
characteristic disagreeable odour of boron hydridemmewhat suggestive of hydrogen
sulphide. It is the chief product of the thermata®position of BHio. This reaction

was the basis of Stock’s method to prepare diborane

Six to seven hundred cubic centimeters @i are placed in a sufficiently large
tube and are heated for 5 hour at 90°-95°. Thethdae contains Bs together with
hydrogen, a little unaltered,B,o, and other volatile and non-volatile hydrides of
boron. The BHg is purified by fractional distillation. From 2 drs of BHj,

prepared from 4 Kgm. of magnesium boride, we oktih750 cc. of BHe.>°

No B;Hs was formed in the crude gas because its high ivégctowards water
precluded its survival after the decomposition aigmesium boride with an aqueous
solution of hydrochloric acid. Diborane could alé® formed by the thermal
dissociation of other hydrides of boron, such asl;g Of all the boron hydrides
discovered by Stock and his co-workers, diborang tlva most easily purified and one
of the most stable. It does not react with dry(lirt dissociates readily in the presence
of moisture) and dissociates very slowly at roormgerature (in the absence of
moisture and lubricants). At higher temperaturegcothposition is faster.
Decomposition by contact with stopcock lubricastslower than with any other boron
hydride.

BioH14 Dekaborane was the only solid, volatile hydrideboron described by Stock.
At room temperature, is a colourless well-crystalli solid, belonging to the rhombic
system. It was of easy identification, isolationdgourification. The production of
“considerable” amounts of,8H4 through the thermal decomposition of eithgHBor

B4H10 was reported by Stock, Friederici and Otto Pries§913. It was also produced

%5 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 60.
% A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 51.

This description corresponds to the improved metpollished by Stock and Ernst Kuss in 1923. In
1913, Stock and Friederici studied the thermal dgmmsition of BH,q at room temperature and 100°C.
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when BHg or B4H1p were left to stand at ordinary temperatures flang time. The rate
of this reaction could be accelerated by the useltcdviolet light. Later, Stock would
discover that it was the chief product of the spombus dissociation ofsB;; at
ordinary temperatures and that it resulted fromsiii@ntaneous decomposition afHo
too. It was also present in the crude gas resuftiom the action of hydrochloric acid
upon magnesium boride. The decomposition of 100gagnesium boride would yield
20 mg of BoH1..

According to Stock, dekaborane was best prepareldelaying BHe between -115 °C
and — 120 °C for 48 hours, or by heatingd between 90 °C and 95 °C for 5 hours.
When BH;o was used, dekaborane was a by-product from timeatton of BHes. The
yield of dekaborane was about 50 mg per 100 cBgl§ or BsH1o.

By this time, Stock also believed to have detethedexistence of another hydride, with
formula BHi,, in the crude gas resulting from the action of regtiloric acid upon
magnesium boride. However, subsequent investigaitioh921, with better equipment
and methods, immediately led him to realize thatas a mixture of 10, BsHg, BsH1o

and silicon hydrides.

2.3 - Stock’s High Vacuum Apparatus

Ramsay’s failure is a good measure of how diffieudts to work with the hydrides of
boron. In fact, as Stock noticed, “the instabibfythe hydrides of boron and silicon and
their sensitiveness to air, moisture, and lubrigargave rise to unconquerable
difficulties as long as the usual types of apparatare employed>”

According to Stock, this situation stimulated himkuild on all the previous work he
had made on apparatus improvement in Berlin anéntgage in a long and complex
struggle to develop a specific type of apparatu$ aopropriate techniques specially
suited to work with highly volatile and unstablebstances such as the hydrides, which
would become known as Stock’s High Vacuum Technid@ar first attempts were

followed by many years of laborious experiment&tién

" A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 173

%8 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 15.
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Stock’s investigations involved no uncommon set afemical operations and
measurements: vapour pressure and melting-poietrdetations for purification and
identification purposes; fractional distillation d@ractional condensation to separate
mixtures into their individual components, etc. areblem was the high reactivity and
instability of the hydrides. A high vacuum glasgpagtus, all of whose parts were
fused together and evacuated by an automatic mepuump, allowed overcoming the
hydride’s sensitivity to air and moisture. Sped@ams of mercury valves, the float
valves, were designed by Stock to replaced thelushacated stopcocks and insure
that the volatile substances would contact with materials other than glass and
mercury. Due to the hydrides’ high sensitivity toease, the float valves were
considered by Stock as his most important improvem&umerous other equipments
were used to perform all the necessary operation®hied in many distinct
investigations under such demanding conditiondeft kinds of porous valves, a
tube for weighing substances that react with aidabt, an apparatus for determination
of melting points, the magnetic floating balanttee vapour pressure thermometer, the
mercury collecting pump, the vacuum-tube openee #pparatus for tensimetric
molecular weight measurements in liquid ammonie, zimc electric arc - “a powerful
reducing agent in preparative chemistry”, the agjr for analysing boron and silicon
hydrides, the apparatus for the treatment of hydrigith sodium amalgam, &tc

All these items could be assembled to build a fiexiapparatus that could be readily

adapted to the specific requirements of a partiaolgestigation:

The apparatus is assembled to meet the requirerokeésh individual case. Thus it
can comprise portions for separating mixtures bstiltiition, for carrying out

analyses and reactions, for determining physicas@mts, or for storing samples. It
also includes the necessary valves, manometersparison barometers, and the
like. Volatile substances can be distilled or smield, within the apparatus, to any
desired part thereof by cooling that point withuiid air, whereupon they condense

rapidly and quantitatively. The more volatile thebstance the easier it is to work

¥ An extensive and comprehensive description witbtgh and diagrams may be found in A. Stock,
Hydrides of Boron and SilicofNew York: Cornell University Press, 1933), on 123 much shorter
account with diagrams was included in A. Stock, Thimie du Bore”Bull. Soc. Chim. Frances1 (4)
(1932). On 699.
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with. Substances that boil at as high as 150° en @00° can still be treated in the

vacuum-apparatus.

The high accuracy of his vacuum method allowed IStioc carry out an extensive
physical and chemical investigation with only a fembic centimeters of a gas or a few
milligrams of a solid. It was specially suited wlbéw quantitatively the course of the
reactions of small quantities of highly unstable aolatile substances between room
temperature and that of liquid air.

Stock’s High-Vacuum method was applied for thetftisme in his research on the
silicon hydrides formed by hydrochloric acid andgmesium silicide, and its results
were published in 1914. Stock kept publishing ppaaiatus improvement until 1941.
Wiberg wrote that, when he entered Stock’s laboyafor the first time in 1927, it
looked like a glass primeval forest and that hendmecame “overjoyed by the exactness
and elegance of the neat methods used by Stbd#& was very clear on how important

these technical advances became for chemical cdse@rldwide:

Stock’s High Vacuum Technique enabled the precis® quantitative purification
and investigation of the smallest amounts of vidagensitive materials under high
vacuum by the exclusion of air, moisture and greasea completely closed,
adaptable and easy to operate mercury-sealed ghassruction, an apparatus later
to become an indispensable and much used aid irematience and engineering
laboratories, and which was to make many reseaschmath inside and outside

Germany, disciples of Alfred Stoc¥

Thus, from its very beginnings, research on bommh silicon hydrides made important
technical contributions to experimental chemistgy dxtending its action to highly
unstable and volatile substances, until then adddn area, as Ramsay’s investigations

clearly demonstrated.

%0 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 173

®1v. Bartow, “Pioneer Personalities in Borane Cheryiisin Robert F. Gould, (ed.]Borax to Boranes
Advances in Chemistry Series, 32, (Washington, DAGerican Chemical Society Applied
Publications, 1961). On 10.

62 E. Wiberg, “Alfred Stock and the renaissance ofganic chemistry’Pure & Appl. Chem .49 (1977).
On 695.
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2.4 - The Silicon Hydrides

Following the outbreak of World War | in the auturmh1914, the war effort began to
Impose severe restrictions on Stock’s researchibes at the Institute in Breslau, as a
considerable number of its students had been tedrto war. Stock himself was spared
to any war activities due to health problems. dahe year, attracted by the possibility
of undisturbed prosecution of his research progmml by highly advantageous
financial and career conditions, namely a chaBexlin University, Stock accepted a
position at the Kaiser-Wilhelm Institute for Cheinys in Berlin-Dahlem, thus taking
over the laboratory of Richard Willstatter, who hmadved to Munich to replace Bayer.
Thus, in 1916, after the unexpected halt at Bresbock, now 40 years old and able to
resume his research activities at the Kaiser-Whthéhstitute in Berlin, turned his
attention to silicon hydrides. There were both pcat and speculative reasons to render
Stock’s decision as fully justifiable.

On the practical side, Stock was confronted with itescapable technical hindrance
that was posed by the pervasive character of sillegdrides as contaminants of the
hydrides of boron. This made the preparation offigdr boron hydrides from borides
an extremely difficult achievement and confrontedc® with an unsurpassable need to
learn more about silicon hydrides in order to aehieffective purification of the boron
hydrides:

[...] the presence of silicon hydrides in the crude gvas a great obstacle, as the
hydrides of silicon and boron are physically andrafcally so similar that it is very
difficult to separate them. It was impossible tanowe the silicon hydrides by
chemical methods without simultaneously destroyhrgless stable boron hydrides.
We could not, however, avoid contaminating the holgdrides with silicon
hydrides, because commercial magnesium always iosngome silicon which
forms magnesium silicide and silicon hydride in tlsebsequent reactions.
Furthermore, with the exception of SiHthere was at that time no reliable

information on the hydrides of silicd.

On a more speculative plane, it was Stock’s bdtiaf, since silicon was an immediate

neighbour of carbon in the Periodic Table, moredonghe same group, there should be

83 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 15.
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possible to unveil a whole new silicon chemistry righ and versatile as the chemistry
of carbon, in a sense mirroring what he had alrebuhe with the chemistry of boron, a
few years earlier.

And in fact, Stock’s work in this area most certgimet his own expectations, as he
was able to synthesize, isolate and study numerous then unknown silicon
compounds, whose existence in nature was preclugedsilicon’s tendency to
polymerize and oxidise outside strictly controlleboratory conditions.

Stock’s investigations on silicon hydrides spreagroa seven year period, between
1916 and 1923, and resulted in 16 publications.

Stock was able to increase the yield of siliconridgs resulting from the reaction of
magnesium silicide (Mgi) with hydrochloric acid. This allowed him to aklish the
existence of a new class of saturated silicon camgs, the silanes, which are the
analogues of alkane hydrocarbons and whose gefioenalila is, accordingly, SHon+2
Stock discovered and/or characterized numeroussaglements: the liquid $Hg and
SiyHi0, the already known gaseous monosilane ;SHd the hitherto little known
gaseous disilane $is. He also ascertained the existence of liquid sdatee SiH;.
and hexasilane &tl;4.

Stock also studied the halogenation of these comgimyuobtaining and characterizing
many of its halogen derivatives in a pure state.fltther used these as the starting
materials to synthesize many other unknown compsusdch as silicomethylether
(SiH3),20, silicoformaldehyde Si}D, silicoethylether ($Hs)2.0 and
silicotrimethylamine (Sik)sN.

The significance of Stock’s achievement in sili@emistry is more fully conveyed by
the passionate words of Wiberg: “Thus a siliconnaiséry, comparable in its wealth of
formulae to organic chemistry, was created whiclwjng to silicon’s dominating
affinity for oxygen, was essentially laboratory b@nd could only be brought to life by

the wand of a experimental magician such as Algtxtk.”®

 E. Wiberg, “Alfred Stock and the renaissance afrgranic chemistry” Pure & Appl. Chem.49
(1977).0n 694.
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2.5 Back to boron chemistry:

Because of this previously unintended dedicationthhe development of silicon
chemistry, it was only in 1921, while already inrBBg that Stock finally resumed his
work on the boron hydrides. By making use of hightHVacuum Apparatus methods, he
was able to achieve immediate advances in the @éma and characterization opls
and BH;o and the higher boranegHs, BsH;1 and BHio.

All this work was immediately followed by an impsege systematic characterization of
the chemical behaviour of these boranes, whichuded the study of their reactions
with a truly extensive list of compounds, like wateydrogen halides, ammonia, alkali
metals, alkali metal hydroxides and organic sulzganStock also investigated their
thermal decomposition at ambient temperature and/aming. This was an essential
study, since some of these compounds resulted fremthermal decomposition of
others. Thus, the study of thermal decompositios imgortant, not only to improve
the lifetime of highly purified amounts of thesengqaounds, but also because it became
the method of production for some of them.

BsHg: The isolation of this pentaborane was reporte&iogk and Ernst Kuss in 1923.
BsHy is a colourless mobile liquid, with a low index a@éfraction, and not
spontaneously inflammable. Stock reported “an ex¢lg disagreeable smell which is
the chief source of the nauseating odor of mixtofdsoron hydrides”.

Along with BsH10, BsH10 and several hydrides of siliconsHg was one of the hydrides
present in the mixture that Stock mistakenly thaughbe the hydride &1, in 1912.
Because of its similarity with §Bl1o, their separation was difficult: “After great
difficulty we then for the first time isolated ardkscribed the compoundst. Its
separation from the similar B0 was one of the most difficult portions of our
investigations.®®

It could also be formed by heatingHBo at 100 °C. Under these conditions, 50 cc. of
BsHy could be obtained from 1000 cc. ofHB,. This yield could be increased to 170 cc.
if gaseous BHo was slowly passed through a tube warmed to 200 °C.

Stock also reported that someH3 seemed to be formed when a current gfiwas
heated to 300 °C.

% A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 68.
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BsHy was readily separated fromyHB,o by fractional distillation. However, it could not
be separated by the usual methods from anotherdeyphysically too similar, to which
Stock gave the provisional formulaHs,,?, in which Stock chose explicitly to include
the question mark. The presence of this “mystefidualride was detectable by a
marked drop in the melting point ofsiB;. However, the isolation of the pentaborane
was achievable because the dissociation rates tf bgdrides were completely
different. If left to stand at room temperature fofew weeks, BH1,? would change
wholly into hydrogen and a solid, yellow, non-vdehydride, while only a very small
amount of BHy would be lost. This fact was in the origin of tiselation of BHo,
because, luckily for Stock, the sample that orijyneontained a mixture of 1y and
BsH12? had been standing for several months and, therefioe BH;,? was already
totally dissociated when the sample was submitiexhalysis.

BsHy, along with BHg and BoHi4, was one of the most stable of the hydrides
discovered by Stock and is present in small amowntise crude gas that results from
the decomposition of magnesium boride. It decompesey slowly into hydrogen and
a solid, colourless, non-volatile hydride. Accoglito Stock, the presence ofHg was

detected in tubes used for heatingfl four years after such use.

BeH10: The history of the isolation and descriptionlagthydride was, as already seen,
intimately related to that ofgBlg. Thus, its existence was also reported in 1923tbgk
and Kuss.

BeHio is a colourless liquid with a high refraction imdehat does not ignite
spontaneously. It decomposes slowly into hydrogehasolid yellow product even at
room temperature.

1g or 300 cc. of gaseousgHb could be obtained from 2000 g of magnesium boride.

BsH;11: The isolation of this hydride was reported by Steeid Wolfhart Siecke in
1924. BHs is a very mobile colourless liquid that changesyvapidly into BoHi4 and
hydrogen. Along with “beautifully crystallized” ;8H14, small amounts of hydrogen,
and traces of BHio, it was prepared through the thermal decompositibdiborane.
Alternatively, “considerable amounts” of diboraneuld be allowed to stand at room
temperature for six months. The separation of tmaiged BHi, and BH;; from the
more volatile undissociated,Bs and from the less volatile ;8114 was relatively

simple, but the isolation ofdBl;; from BsH10 was a more difficult task.
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Its instability made it very difficult to preparend accordingly, only very small
amounts could be available: from 1400 cc. of diheré&tock was able to isolate 0.08 cc
of BsH11; on another occasion, he obtained a few cubiciroetgrs from 500 cc. of
diborane that had stood exposed to daylight fombdiths. This severely restricted the
investigation on this pentaborane: “The determamatif its odor, its reaction with air
and with water, were not undertaken because ofodses attendant upon such tests of
this precious compound. So far our investigatioB¢ii;; has been restricted to a few
important reactions®®

Stock also observed that, apparentiyH8further decomposed into, 8114 through the
medium of BH11: 2BsHi; = BigH14 + 4H,.

BeH12: Stock believed that a highly unstable hydride ofdm was admixed with the
BsHy resulting from the thermal decomposition ofHg, into diborane. Because it
readily decomposed, its study was the most diffiamiongst all the hydrides. Analyses
showed that it contained more hydrogen thgHJBout the number of boron atoms was
still uncertain. In a first moment Stock believegatt it had 5 boron atoms and
designated it as 4Bl.g, but subsequent work led him to believe that il lah least 6
boron atoms. Since analysis also came to prove ttietmolecule contained two
hydrogen atoms for every atom of boron, Stock atiogty assigned to it the formula
BsH12?, where the question mark indicated explicitly associated uncertainty.
According to Stock, the hypothesis ofHB,? being a mixture of several hydrides was
contradicted by a number of observations. Stock ass convinced that the sample
used to make those observations still containedta® per cent of 8.

The above description of the basic propertiesraadtions of each of the hydrides of
boron described by Stock and his co-workers, shamg clearly how low the yields of
his methods were. This made his investigations Vengthy and difficult. In some
cases, as ingBli1, a full characterization was simply not possililelso highlights the
complexity of inter-relations between the hydridesdduction reactions and gives a
very slight hint of the quantity of apparently déspe and unrelated wealth of
information Stock both collected and had to deahwn search for structurally relevant

information.

% A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 72.
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In 1926, severely attacked by his chronic merqoigoning condition, Stock decided
to leave his contaminated laboratories in Berlind amoved to the Karlsruhe
“Hoschule”, where he had the opportunity to setaumercury-free laboratory, which
became the object of interest of many fellow ché&srfrom Germany and abroad.
There, between 1926 and 1936, he would lead tla $itmge of his investigations on
boron hydrides, with studies on the more struclyiahportant reactions: the boranes’
ammonia compounds and their electrolysis in ammasbolations, the effect of alkali
and alkaline earth metals amalgams on boranesy sitidhe “inorganic benzene”
B3N3He, the effect of halogens and halogen hydrides oartss.

During this period, Stock conducted an intensiweegtigation on the poisoning effects
of mercury vapour. Among the medical community, cBtas well known for his
pioneering investigation on this area. He alsoteththe controversy on the dangers of
dental amalgams containing mercury in its fillinguterial that is still going on at the
present time. After his retirement, in 1936, Stdeklicated himself exclusively to this
area, having set up two special laboratories iiB&ar the effect.

During his stay at Karlsruhe, Stock received numgrbonours and invitations to go
abroad: France, Holland, United States of Amer®ajtzerland, Austria and Russia.
His visit to the United States of America in 1932sdrves special mention. Between
February and May of that year, he was the GeorgehEr Baker Non-Resident Lecturer
in Chemistry at Cornell University. As such, he wagquested to publish the essential
contents of his lectures and he saw in this theodppity to prepare a systematic and
detailed report on his investigations on the hyesief boron and silicon. This gave
birth to his historical booklydrides of Boron and Silicompublished in 1933, and which
would become the reference book in the researclhavon hydrides for decades to
come. It was reissued in 1957, despite the tremendwolution this field had suffered
since its first edition.

Despite the idiosyncrasies of his methods, Stockaged to make an incredibly
extensive study of almost all of his hydrides ofdio A sense of the complexity and
range of Stock’s investigations could hardly beegithere. Only the reading of Stock’s
original papers or their compilation made by Statkis book can give a more real
notion of how incredibly hardworking and persist&bck had to be to systematically
collect and manage a huge and complex wealth ofirmalpphysical and chemical
information on the hydrides under very difficultncitions. These included not only the

intrinsic experimental difficulties of his inveséiion, but also those of a more
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contextual and personal nature, such as repeatadgel of workplace and, in
particular, Stock’s severely debilitated health doea chronic mercury-poisoning
condition. These and many other aspects of Stolilés as his many institutional
activities and responsibilities and his educatiac@icerns will not be addressed here,
both because it would add nothing to the purpo$dki® work and because it would
inevitably result in no more than a copy of Wibergvords. To obtain that kind of
information, the reader is referred to the pertir@hliography. This work is especially
concerned with the structural implications of Steckvork and its subsequent
consequences for the history of the quest for thectsire of the hydrides of boron.
Thus, the following pages will be concerned witdedailed description of some of his
investigations that proved to be especially intimgsfrom the structural point of view,

to which a small summary about the stability of biydrides was added:

2.5.1 - Stability

The hydrides of boron did not spontaneously igoitecontact with air (once again,
BsH;;, and the hypothetical Bl;, had not been tested). Stock refers that this was i
contrast with the behaviour of silicon hydridesHBCI, B(CHs); and B(GHs)s.

Room temperature stability o,Bs, BsHg and BoH14 was reported as very highy@Bli4
can stand at room temperature in a vacuum for “nmaagiths”, without showing any
sign of decomposition. It is stable even on warnjimgd increasingly less in the cases
of BgHip and BHjo. The hydrides BH11 (and BHi1,?) as well as B1sCl, B,HsBr and
B,Hsl had “very much lower” room temperature stability.

Stock was also able to observe that the rate ohtapeous decomposition was
influenced by the presence of such impurities &sosi hydride and by traces of
moisture or of alkalies. This rate seemed to irsmeafter decomposition had set in.
Also, ultraviolet light had an accelerating effsgnilar to that of warming, but daylight
had no perceptible influence.

According to Stock, the spontaneous dissociatiorthef hydrides led chiefly to the
formation of hydrogen and of hydrides that are poan hydrogen and higher in
molecular weight. The exception wagHBo, given that its dissociation produces mainly

B,Hs. Stock points out that 4Bl;o dissociation is “particularly complicated” due ttee
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large number of differing hydrides that result franand to their many possible cross-
reactions: “It is evident that in this case mamdk of reactions take place, and perhaps

many equilibria exist side by side and influence another.®’

2.5.2 - Boron Alkyls

Stock and Friedrich Zeidler's studies on the alkylsoron, published in 1921, were
designed to investigate the eventual dimerizatiomivalent boron compounds to learn
about the eventual dimerization of the hypothetiB&l; into BoHs. Boron methyl
B(CHj3); and boron ethyl B(&1s); had been reported by Edward Frankland in 1862 but
had not been investigated ever since, on accoutiedf volatility and spontaneous
inflammability. By making use of his high-vacuumpapatus, however, Stock was able
to easily overcome such technical difficulties addcided to investigate these
compounds because of the peculiar temperature depee of boron ethyl’s molecular
weight that had been reported by Frankland: 98rbgat 149°C, 104.1 g/mol at 132°C
and 108.8 g/mol at 101.6 °C. The computed valu¢h®molecular weight of B({ls)3

was only 98.1 g/mol.

This led Stock and Zeidler to the following conjget “According to these results it
seemed as though boron ethyl polymerized at loemaperatures, and that there existed
a By(C,Hs)s corresponding to Bs.”®®

The application of this reasoning to boron methgdild not derive from Frankland’s
work, since he had made but one determinationefrtblecular weight of boron methyl
(55.3 g/mol at 12.2 °C; computed value: 56.1 g/mafwever, Stock and Zeidler were
able to make an extension of their conjecture t@monethyl by arguing that it could be
possible that its vapour density (boiling poin ¥€) increased at lower temperatures.
Thus, the idea was to investigate the dimerizatibtrivalent boron methyl and boron
ethyl to learn about the dimerization of the hymdital trivalent BH into diborane.
This implied looking at boron methyl [boron ethydind their hypothetical dimer
compound B(CHzs)s [B2(C,Hs)g] as substitution products of the hypothetical ;Bithd

diborane, respectively.

67 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 111
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Stock and Zeidler were able to produce the bork&ylsafrom boron chloride and zinc
alkyl (Frankland had used alkyl esters of boricdae@nd to make, for the first time, a
full characterization of these compounds by detemmgi their physical constants
(melting and boiling points, vapour pressures atssd temperatures, gas densities at
several vapour pressures and temperatures). Theliessestablished that the molecular
weights of these boron alkyls were independeneoiperature and consistent with the
computed values for their single molecules. FramKk allegations that boron ethyl's
gas density decreased with increasing temperatueee vattributed to thermal
dissociation into hydrogen and ethane, a fact thad escaped to Frankland’s
observation.

On these grounds, Stock and Zeidler's conclusioa peremptory: “There can be no
doubt that the simplest boron alkyls and boron idgdr are different types of

compounds®

2.5.3 - Boron hydrides and sodium amalgam

By making BHg and BHjo to react with dilute liquid sodium amalgam, Stasid his
co-workers were able to determine that these bbyainides combined with sodium in
stoichiometric proportions to give non-volatile idotompounds, “in a quite different
manner than did the silicon hydridé%”

Thus, in 1926, Stock and Erich Pohland made tw@expents in which an amalgam of
known sodium content was made to react with exBegldlg: “In both cases, 2 atoms of
sodium took up exactly 1 molecule ofHg. Aside from traces of hydrogen, no other

product was formed. The,Hs that was not absorbed was found to be still p(fe.”

N Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 101
Op, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 138

&N Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On138.

In an earlier experiment, in 1923, Stock and Kims] already concluded that only 3/2 atoms of Na
reacted with each Blg molecule. Stock explained this contradiction byistathat in the first experiment
the amount of sodium was probably not known withiaiaty.
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According to Stock, the reactions of diborane’sisodcompound BHe-2Na with water
and with gaseous hydrogen chloride led to the cmnwh that diborane endured no

structural transformation during the reaction vatdium amalgam:

[...] in water, however, it gave off hydrogen aratnfied an alkaline solution that
reacted like BHg in caustic potash (KOB#teactions)g. g.precipitating black NB
from an acetic acid solution of a nickel saltHg therefore, has undergone no deep-
seated transformation when changed into its sodiampound; this is also shown
by the observation that when the sodium compound teated with gaseous

hydrogen chloride, a large part of thg-Hg was again set fre@.

In 1930, Stock, Wiberg and Hans Martini made afoastudy of the reaction of Bl
with sodium amalgam. They found out that solid, wofatile BjH,»-2Na was formed
after shaking the amalgam with an excesssf;Bfor 24 hours at room temperature.
To investigate the existence of compounds simdaB4Hi-2Na but richer in sodium,
the authors treated,B1o with an excess of sodium amalgam and then trietbtermine

the unreacted sodium in the residue by two diffepeacesses:

- From previous experiments, the authors knew Baat;-2Na would not react with

diborane. This allowed the use of excess diborarierin B,;Hg-2Na with the remaining

sodium, the one that had not been taken upiig2Na. From the amount of diborane
consumed it would be possible to determine, by @mepn with the amount of

B4sH102Na, the amount of sodium that had been taken ugthr sodium compounds
of B4H10. However, “an unexpectedly large amount gHBwas taken up, much more
than if all the sodium originally present in the algam had gone over to form
B,He2Na™>. This meant that the original goal of determinithg amount of free

sodium would not be attainable, but one conclusi@s still possible, leading to an
important structural inference by analogy:

It must be concluded, therefore, that other sodaermpounds besides,B;#2Na

are produced from the action ofHB, on an excess of sodium amalgam, and that

[N Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 138
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they react in some manner withHB. This recalls the reactions between sodium
alkyls and unsaturated hydrocarbons, studied byl&ieand his co-workers.
Probably there is a structural relationship betw®gh, and ethylene™

- In the second method, the authors used an exdesgdrogen chloride, a gas that

reacted with sodium amalgam according to the eguati

2Na + 2 HCI = 2NaCl + K

However, they found out that the sodium compoun84f;, was also attacked by the
hydrogen chloride:

Consequently, more hydrogen was produced thansmoreled to the total amount
of sodium originally present in the amalgam; foifthé of the BHi, used in the

previous reaction was released as such, and thainder was converted in boron
trichloride. This chlorination went much furtherath when the hydrogen chloride

acted directly upon fH;0."

Once again, the original goal had been frustrdtatpne important structural inference

was drawn by analogy:

The alkali metal compounds of boron aryls studigdbause and his co-workers
since 1924 may be mentioned here. For example, §@arum and an ether solution
of boron triphenyl there was formed the crystallB€CsHs)*Na; it is soluble in
ether, and gives up its sodium again when merebkest with mercury, with
reformation of B(GHs)s. There also come to mind the corresponding carbon
compounds C(gHs)s*Na and the like, studied by Schlenk and his pupils.

The linkage of sodium to these hydrides indicatesréain degree of unsaturation in
B,Hg and BHj, The liberation of the hydrides when their sodicompounds are
treated with hydrogen chloride shows that the swmdiaddition-products are,

relatively, loosely-bound compounds.

™ A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 139
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2.5.4 - Halogenation of boron hydrides

In 1914, Stock, Kuss and Otto Priess investigatedhalogenation of B1s and BoHi4

by chlorine and bromin€. These investigations held rather unexpected mesult
especially if one considers the halogenation ofcibreesponding hydrocarbons. In fact,
Stock and his co-workers found out that the onlprhation product of the reaction
between diborane and an excess of chlorine was: B@ith an excess of chlorine the
sole chlorination product was BLINo less volatile substance was formed, neither
B.Clg nor any chlorine addition-product of BCI'he same held true when that amount
of chlorine was used that is theoretically requite@ébrm BCk.”"®

One must keep in mind that, judging by the papethemomenclature of the silicon and
boron compounds that Stock would publish two yédates, in 1916, at the time Stock
viewed boron chemistry as expectably analogousatbon chemistry with the boron
atom matching carbon’s tetravalency in its own Fdes. Thus, these preliminary
results on the chlorination of diborane were ratbeéd in this analogical framework,
since, unlike what happened in the chlorinationtleé hydrocarbons (hence the
reference to BClg), the chlorination of diborane seemed to havedliger strange effect
of transforming the tetravalent boron in diboran® ithe trivalent boron in Bgl This

led to more careful inquiries: “These observatisnggested the questions: How does
the change from Bis to BCk take place? What are the intermediary products? Do
substitution products like BisCl and BH4Cl, form, or are the substitution products
like BHCI,?""

In order to assure the presence of intermediatalyote resulting from partial
chlorination, Stock, Kuss and Priess used an exoésdiborane. Since chlorine’s
explosive reaction with diborane could be moderd&tgtbwering the temperature, they
also tried to slow down the reaction by submittithg reactants and the resulting
fractions in the high-vacuum apparatus to the lowessible temperature. However, the
results were far from those expected: “The resu#se curious, and at first difficult to

understand. Even with only one-third as much chiras the amount theoretically

" The names Kuss and Priess are here presentediirEtiglish versions, following the way they were
presented in Stock’s book. The original German r&ras they were presented in the authors’ original
article, were Kuf? and Priefl3.
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required for complete chlorination, BGhas the predominant product of chlorination.
Most of the BHs was recovered as sucH.”

Although Stock and his co-workers, through vapawspure measurements, were able
to establish the transitory presence of the intefate chlorination products and their
subsequent rearrangement into boron hydrides arigl 8@y were not able to isolate in
pure state even the most stable of the partiallgrectated products, the spontaneously
combustible gas B1sCl, which immediately dissociated intal and BC. Even so,
they were able to prove that all the intermedidtlrination products were di-boron
compounds, like BH3Cls.

By using bromine instead of chlorine, Stock, Kusd ®riess obtained a much slower
reaction with diborane even at room temperaturekimgapossible the isolation and
characterization of the compoundHgBr. Other than that, however, all their remaining
observations and conclusions were pretty much aimib those resulting from

diborane’s chlorination:

The course of the reaction was similar to thahefc¢hlorination, but in this case the
resulting monohalide BisBr could be isolated and investigated. For the, ithstre
were always formed a large amount of BBn spite of the presence of excessi8
The intermediate bromination products also were Biecompounds BH,Br,,
B,H3Br;, and so on, which rapidly dissociated into BBn the one hand, and into
B,HsBr and BHg on the other. None of our observations indicatedgresence of
BHBr, or BH,Br. It was evident that the more highly brominatenpounds, like

B,HBrs, are particularly unstabfé.

Stock, Kuss and Priess also prepargHsBr “by warming BHg at 100° C with about
one-third of the theoretical amount of bromine gaguired for complete bromination,
until the color of the bromine had just disappeéarétbwever, they were not better
succeeded in achieving the desired stability foHJBr, let alone for the other

bromination products of diborane:

Even at room temperaturet®Br dissociates so rapidly that after a few minukes
originally pure gas shows the presence gfi After standing for 4 days, 75 per

cent of the original quantity had broken down adewg to the equation:

80 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 115
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6 B,HsBr = 2BBr; + 5 B;Hg

and the amounts of BBrand BHg found corresponded precisely with this

equationt?

The halogenation of the hydridgdBl,4 was also studied by Stock, Kuss and Priess, but
this proved to be a very difficult investigationdaeise BoH14 was very slowly attacked
by either chlorine or bromine. In fact, the reactwith chlorine was slow even at 100°C
and rendered no results at all. After a very compémalytical process in the
bromination of BoHi4, the authors were able to isolate a residue whemspirical
formula was BoHi;Brz3 with an average molecular weight of 348 g/mol. sThi
obviously meant that the residue was a mixtureoaimounds but the authors concluded
that, even so, it probably was essentialyHB.Br-.

Nine years later, in 1923, Stock and Kuss came bdttk a new approach to boron
hydrides’ halogenation. This was shortly after &®wcgroup had resumed the
publications on boron hydrides in 1921, followinbet period dedicated to the
investigation on silicon hydrides. During this et in 1917, Stock and Carl Somieski
had obtained the halides S, SiHsBr, SiH,Cl,, SkHsCl, “and so on®®. Stock and
Kuss had begun by using direct halogenation, astibd done with BHs and BoH4 in
1914. However, as the reaction of the silane,Siith chlorine and bromine was
explosively violent at room temperature, they deditb introduce the halogen through
the use of gaseous hydrogen halide, in the presgingkiminium halide as a catalyst,
which was found to be necessary even at elevategetatures. Thus, for example, they

were able to obtain the following reactions:

SiH; + HCI = SIKCI + H,

SiH3Cl + HCI = SIHCl, + H,

82 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). Or811

8 Stock and Somieski were not able to isolate ttre form of SjHsBr and were forced to abandon the
isolation of SjHsCl, SbH4Cl,, etc, due to the formation of isomers.
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As Stock himself stressed, this was an unknowntim@adn organic chemistry, an
absence that he was able to explain with “the wepksitive character of carbon as
compared with silicon and borofi*”

So, by using hydrogen halides instead of free laleg Stock and Somieski had
succeeded in controlling the violent evolution dfcen hydride halogenation. This
allowed not only the production of a whole seridspartially halogenated silicon
hydrides, but also the knowledge of some converssactions between some of these,
as the formation of Si€l from SiH, and SiHCI,, for example. In fact, the
halogenation products of silicon hydrides becameinaportant resource in silicon
hydride chemistry and this was explicitly stated 3tpck: “The halides of the silanes
opened the way to various further reactions ameto classes of substancés.”

One may speculate, then, that it was only natunaStock and his group to be looking
forward to extend this success to boron chemidtngir belief in an overall similarity
between the two chemistries may have raised aregi hope about a new possibility
of isolating further halogenated boron hydride coommls, other than JBisBr. This
could not only open the way to a whole new classeattions and compounds, as it did
in the silicon hydrides, but also to make a deeistentribution to finally get a better
understanding of the halogenation process in therbbaydrides and especially the
process leading to the disturbing production ofaient BC} and BBg, a phenomenon
without parallel in carbon and silicon chemistri€®e may further speculate that the
production of partially halogenated silanes, as,SiHor SiHCl, may have revived the
concern for the existence of trivalent partiallydgenated boron hydrides, as EH or
BHCI,, for example. Should their existence be detedt@duld throw some light on the
problem of the existence, even if only a transitomg, of the hypothetical BH

The results, though, must have been no less theappbinting. After failing to use
hydrogen chloride and hydrogen bromide on dibo@neom temperature, Stock and
Kuss were able to obtain 75% vyields by warming égoéumes of BHg and HBr at
90°C for two hours. However, and once again, tradyets were mainly BBrand
B,HsBr.

8 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 114
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In 1926 and 1929, Stock and Erich Pohland studmediddization of diborane and
BioH14, respectively. The results for diborane showedeono different from those
previously obtained with chlorine and bromine:

The principal products of the action of iodine umts were Bk and some oily
substances that were difficult to work with. On ttber hand, BHsl was readily
prepared from BHg and hydrogen iodide, because the reaction tookepéd 50°

without a catalys¥

The extensive description made above of Stock'sstigations on the halogenation of
the hydrides BHs, BigH14 and BHio shows very clearly that this was perceived by
Stock and his co-workers as a very important rebelare. This can be ascertained both
from the time extension over which the investigagispread (1914-1929) and from the
number of hard-working attempts that were made. @ust keep in mind that, in those
days, boron hydrides could only be used in minatéexpensive amounts and that their
preparation (which involved extremely low yieldeglactions) and subsequent study
took an amount of time and work hardly realizallepresent days, as almost all the
instrumentation had to be hand-made in the laboratacluding all the glass tubes
involved in Stock’s high-vacuum apparatus. Thiwisay that no light-headed decisions
could be taken on what concerned any investigatioboron hydrides, let alone such a
persistent and systematic effort covering sucima span.

What must have begun as a natural move to studyh#éhegenation of the boron
hydrides, as an expectable analogue of the haltegig/drocarbons, soon became a
structural puzzle as the results were markedlyerbfit from those occurring in
halogenation processes in carbon chemistry argt, latsilicon chemistry. The extreme
difficulty in isolating higher halogenated borondngles and the pervasive presence of
trivalent halogenated boron products made extrerddficult any simplistic analogy
between boron chemistry on one side and carborsiiodn chemistries on the other. In
particular, the investigations raised serious qaeston how the tetravalent boron in
diborane could lead to trivalent boron in B@&hd BBg. To Stock’s misfortune, his best
efforts proved insufficient to clear these questicdn the purely structural side, all that

must have resulted from this long series of ingagtbns was a clear perception of how

8 A Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 119
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unexpectedly odd and complex the subject was, wdwmnpared to the relatively

straightforward halogenated compounds of carborsdmmdn hydrides.

2.5.5 - The ammonia compounds of boron hydrides

By dissolving the hydrides of boron in an excesdigqpfid ammonia, with subsequent
distillation of the remaining ammonia, Stock wasedb prepare the ammonia addition-
compounds of almost all the hydrides of boron he: $ynthesizetl. These were solid,
colourless compounds that were readily soluble mmania and whose whole
behaviour, in particular the electrolysis of theglutions in liquid ammonia, showed,
according to Stock, that they were ammonium salts.

Thus, in 1925, Stock and Pohland made a tensimmipiecular-weight determination
of diborane’s ammonia-compound, establishing thids2NH; formula for it. The next
year, they further established that this formula waique, since it did not depend on
the excess of ammonia used.

The study of the electrolysis obBs.2NH;3 solutions in liquid ammonia, made by Stock
in 1931 (with Wiberg, Hans Martini and August Niak), showed that this compound
was a “rather good conductor”, in comparison witie tvery low conductivity of
ammonia. However, its absolute conductivity, whempared with those of aqueous
solutions salts, was low. This led Stock to coneludat the ammonia-compound of
diborane, in agreement with its chemical behaviowas definitely a salt with a low

degree of dissociation according to the equation
BoHe-2NH3 <> BoH > + 2NH,"

This low degree of association had already beerignwtard by Stock and Pohland’s in
1925, as a result of their tensimetric moleculargivedetermination for B-Hs-2NHs.
Accordingly, Stock stated thatBs-2NH3 was “better written BH42NH,", establishing

a dibasic acidity for diborane.

87 Stock did not study the hexaboranesiB and BH1,? from this point of view.
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Stock’s interpretation of the electrolysis procegsB,Hg2NH;3 solutions in liquid
ammonia clearly included some structural assumstitor the explanation of its
reaction mechanism and would play an important mléhe structural debate over
diborane. For this reason, a detailed accountwillitbe given here.

The description made by Stock of the empirical datilting from the electrolysis of

B,Hg2NH3 solutions in liquid ammonia sounds somewhat lichite

A large quantity of gas developed at the cathodbeabeginning of the electrolysis,
but later decreased in volume, while the volumega$ produced at the anode
increased slightly over its original small amoukit.the very beginning the gas was
largely hydrogen and contained little nitrogen;tiire last part of the experiment,

however, the gas was a mixture containing betw@ear2l 25 per cent of nitrogéh.

Even so, Stock felt confident enough to state: “Bx@erimental data gives a clear
picture of the mechanism of the electrolysis eiflB2NH;.”%° He sustained his claim in
a postulated multi-reaction mechanism that allegediuld provide for straightforward
explanation of such data.

According to that postulated reaction-mechanisra,ahion BH,> (resultant from the
dissociation process,Hg2NH; — B,Hs* + 2NH,") could go through two different

processes:

1) In the first one, designated by Stock as a “suhi®n reaction®®, the anion would
take ammonia to form amino-substitutesHg

B,oH4? + NH; = BoHs(NH,)

This would be a compound with an acid charactemiiog the salt BH3(NH)-2NHj,

which by subsequent electrolysis would proceeditthér amination:

BoH3(NH2) + NHz = BoH4(NH>)2

8 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 129
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% Quotation marks in the original by Stock.
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At the cathode, other “substitution reactions” wbpftoceed according to the equations
BoH42NH;+ NHz = BzHg(NHz)-ZNH4 + Ho

and
BzHg(NHz)-ZNH4 + NH; = Bsz(NHz)Q-ZNH4 + H,

implying the release of one mole of fér every mole of NHtaken on.
2) The second process, designated by Stock asfarfreng reaction”, represented the
recovery of diborane molecules by reaction of thiermwith ammonia, with the release
of nitrogen:
3B,H,” + 2NHs = 3B,Hg + N,
Summing up with the equation that described ammonan’s break up at the cathode,
2NH;" = 2NHs + H;
Stock was able to get the overall equation for&éorming process:
3B2H42NH, + 2NH; = 3B;H4-2NH, + Nz + 3H,
According to this equation, the released hydrogeeh @itrogen during this particular
process were in the ration of 3 to 1. This samie rabuld still stand in the re-forming
process that could also take place in the amiratezhs:
3BoH3(NH3) + 2NH; = 3B,H5(NH,) + N,

which, after summation, would render the overallapn

3B,H3(NH2)-2NH;z + 2NHs = 3B,H3(NH2)-2NH, + N + 3Hp
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Because BHg or its amine derivatives were constantly beingoreaed, the whole
process amounted to the electrolysis of ammoni#) thie liberation of nitrogen and
hydrogen. According to Stock, there was nothingpssing in this process, since it was
analogous to the electrolysis of an aqueous saluifosulphuric acid, which likewise
amounted to the electrolysis of water and was aseslich in lecture experiments.

The deduced proportions for the releasing efadd N in the re-formation reaction
could explain in a straightforward way the obsergegportions in the amounts of these
gases. Stock justified the discrepancy between dhserved and the predicted
proportion of N (20 to 25% instead of 33%) with a lag in the sibsbn reaction,
which occurred in the beginning of the electrolyamsl released only4igiving rise to a
slight excess of Fduring the re-formation reaction.

Stock also argued for additional legitimacy to jpistulated process invoking the recent
work (1931) of Goldschmidt and Nagel on the eldgsis of solutions of phenols in
anhydrous ammonia. These authors had reportedasimefformation reactions and the
same 3 to 1 ratio in released &d N.

The electrolysis of the ammonia compounds @iy and BoHi4 had already been
studied by Stock, Wiberg and Martini in 1930 and $tpck and Pohland in 1929,
respectively. In his book, written in 1932, Stockkes a reference to these studies, but
also to some (until then) unpublished results, tatesthat the results for these
compounds were consistent with those obtainedifmrdne. Thus, according to Stock,
the ammonia compounds ofjiB,o, BsH104NH3, should be regarded as the ammonium
salt BjHe-4NH,. Likewise, the ammonia compound ofoB14, B1gH146NH3, was better
written as the salt BHg:6NH,;. Consequently, BH14 and BH;o also behaved like
acids.

The investigations on the ammonia compounds of geetaboranes led Stock to
conclude for a structural similarity between thebecause they formed the same
ammonia compound. The reaction ofH3 with ammonia was studied by Stock and
Wolfhart Siecke in 1924 and by Stock and Pohlanti9f9. According to Stock, these
investigations establishedsBg-4NH3 as the ammonia addition-compound gHB and

its salt-like nature. The reaction ofsHB; with ammonia was studied by Stock and
Pohland in 1926. This reaction was more complex \aad not stoichiometric. Stock
attributed it to the existence of side reactiond bacame convinced thasHB-4NH;
was the principal product. Stock further arguedt tthee reaction of the ammonia

compound of BHg with hydrogen chloride was in agreement with thierpretation.
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Stock also investigated the ammonia addition-prodfidoron methyl, B(Chk)s-NHs,
which had been described by Frankland, to be ableompare it with the ammonia
derivatives of the boron hydrides, such abl&NHs;. This investigation may be related
to the investigation on the alkyls of boron. Stadkcluded that these two compounds
were of a different nature, because B@zHH3 could not be regarded as a salt, due to
the much lower conductivity of its solution in liguammonia, when compared to the

corresponding solutions of the ammonia compoundseoboron hydrides.

B3N3zHs

B3N3Hg was first isolated and studied by Stock and Pahiari926. It could be formed
by heating the ammonia compounds @HB BsH10, BsHg and BHi; at 200 °C for
several hours. Stock describes it as a “colourkesdyile liquid that crystallizes readily
at low temperatures, forming beautiful, opticallyiaxial, rectangular tablets®

B3N3Hg is much more stable than all the other hydridelsoobn. After enduring 400 °C
for half an hour, as much as 91% remains unchan@d. high stability led Stock to
make a careful study of its constitution. Alreadyli926, Stock and Pohland became
convinced that it had a benzene-like ring structifralternate BH and NH groups, “in

contrast to the probable chain linkage of the jeliof boron®.

H
B
HN- \NH

HB BH
L
H

Stock’s structure for the compound BNzHg

According to Stock, this formula was in agreementhwall their experimental

observations: its symmetry and being free from Hirikages, “which all previous

%1 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 94.
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experience has shown to be unstalijeéxplained its great stability. Also, its B-N
linkages were corroborated by the fact that boram{@(NH)s)**, which had such
linkages, was formed whensBs;Hs was heated with excess ammonia. Its behaviour
towards water and hydrogen chloride and its thewiissociation was clearly related to
its threefold symmetry. Its molecular weight wasaoalin agreement with Stock’s
benzene-like structure for the compound.

A very important feature in the study ofNBHe was the use of contemporary physical
methods to get corroboration for all these claifiaus, H. Mark used X-ray diffraction
but his results were inconclusive. However, in 198aimund Wierl applied his
electron-diffraction method to the compound, anchabeded for a pronounced
similarity between benzene angdNBHg, confirming Stock and Pohland’s ideas: “A ring
formula for BBN3sHg may therefore be assumed with a degree of pratyadpproaching

certainty-the first case for a single inorganic etoile.”®

2.6 - Alfred Stock and the structural and theowdtjgroblems in
the hydrides of boron

When analysing Stock’s thinking on the structunad aheoretical questions raised by
the hydrides of boron one has to consider threferdifit categories: structure, theory
and chemical behaviour. Because Stock, despitedsisefforts, had not been successful
at establishing structures for the boranes, andusecthese compounds had managed to
keep defying all the theoretical accounts on thtuneaof their bonds, these levels
showed very little integration and were the obpcturprising interconnections. Instead
of the linear and unidirectional chain of relatidhat Stock had pursued, that is, to get
enough information on the chemical behaviour of ltbeanes to be able to infer their
structures and then to try to explain the naturéheir bonds, Stock’s failure at getting

unequivocal chemical information left him with noth more than a reluctant

=y Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 129
% Borimide had been discovered by Stock and Blix901.
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acknowledgement of the empirical adequacy of wieasdems to have thought to be a
suspicious explanation put forward by his studembany. He then chose to postpone
any conclusion on the structure of the boranes emasequently, on the nature of their
chemical bonds. Since Stock’s dilemma was resttittea choice between his old hint
for an alkane-like structure and the alkene-likettres that were increasingly backed
up by his investigations on the reactions of theabes with alkali metal amalgams and
on their ammonia compounds, which were advocatedViberg's theory, Stock was

able to restrict his doubts to open-chain or ritmgcures entirely analogous to those of
carbon chemistry. In this restriction of his dilemmne can find the powerful operative
action of his belief in an essential analogy betwleeron and carbon chemistries, which
he was able to force upon his interpretation ofrtfeaning of his own empirical work,

despite his acknowledgement of essential differenoetween boron chemistry and

those of carbon and silicon.

2.6.1 - Structure

The structure of the hydrides of boron was an d¢gdeoroblem throughout Stock’s
work. Besides being directly perceptible from hiwestigations, this was explicitly
expressed by Stock in his book on numerous occasiorfact, it was the driving force

behind virtually all of Stock’s investigations:

It was the further objective to secure, with thé af these hydrides and by simple,
guantitatively controllable reactions, material lwitvhich to study structural
considerations. Such reactions were: heating, itigeatith water, with halogens,
hydrogen halides, ammonia, sodium amalgam, sodiggnoltide, and the like; they
yielded a number of interesting, and often veryiaug observations. It was often
difficult to keep our eyes on the true objectived do resist being led too far along

tempting side-path®.

One may even say that the structural problem wstsumental in Stock’s work, in the
sense that it was used as a criterion to choose@masearch lines. For example, when
referring to the liquid boron hydrides of low voldy, Stock declared: “So far these

% A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 17.
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substances have not been investigated, becausaribtent of material was too small
and because there was no way to isolate them irogeneous form; furthermore, the
simpler hydrides are of greater theoretical intet&s

This was far from being an isolated case. A sindeclaration, for example, was made
by Stock on the “hypoborates” and the “boron suliles’: “A systematic study of this
portion of the chemistry of boron has not so fagrbendertaken, because it seemed to
offer a less direct solution to problems involvirtige constitution of the boron
compounds, than does the investigation of the Melabmpounds of known molecular
weight.”®

The evolution of Stock’s thinking on the structupabblem may be followed in his
successive suggestions for the nomenclature ohydeides of boron. Here, one can
witness Stock’s own struggle to interpret his neydrides of boron against the
contemporary scenario of rapidly changing structanel bonding concepts, heavily
derived from carbon chemistry.

Before Stock’s investigations, boron, becausesopdsition in the periodic table and the
composition of its most widely known compounds, leEn regarded as a trivalent
element. Plain evidence for this can be found m ristaken accounts of the boron
hydrides’ formulas given by “pre-Stock” authorse tBH; formula by Sabatier, by Jones
and Taylor and by Ramsay and Hatfield; and tkidsBormula by Ramsay and Hatfield,
who went as far as assuming the existence of batimsf of BH3z consistent with

trivalent boron — the open structureB4B=BH and the ring structure

H\B B/H

g/

|
H

Additional structures consistent with trivalent dorcould be given by the open chain
compounds BH,, BsHs, etc, in materialization of the general formuldB.,, consistent

with the valence concepts that were current betloeeintroduction of electron theory,

" A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 86.
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and which represented the trivalent analogues efalkane structures of tetravalent
carbon.

There were three distinct moments in Stock’s norauae suggestions, which testify
how Stock became successively more cautious andugitg departed from carbon
chemistry nomenclature to his final adoption of iadependent phenomenological
nomenclature for boron chemistry.

In a first moment, in 1916, close to the very bagig of his investigations, Stock
leaned on carbon chemistry in a straightforward,vgaiggesting the terms monoborane
for BH,4, diborane for BHg and so on. The inclusion of BHneans that, at this time,
Stock was convinced of the inexistence of ;BMAhis must have resulted both from
Stock’s early dismissal of Ramsay’s results andnfithe fact that, until then, all the
hydrides that had been positively identified weoasistent with such a direct analogy
with the hydrides of carbon. The inclusion of thedetected Bhl compound as the
keystone for this nomenclature scheme may alsaustdigd by Stock’s investigations
on the silicon hydrides In fact, in 1916, the ohlydrides of silicon known to Stock
were silane (Sik), which had been discovered by Wohler and BuffH§iwhich had
been first obtained in an impure form by Moissanl#02, and the higher hydrides
SisHg and SiH.o, discovered by Stock hims&lf Consequently, the correspondence
with the analogue saturated carbon hydrides way oatural: “All the [silicon]
hydrides obviously correspond to the saturated dgatbons. No “unsaturated” silicon
hydrides were formed:; in fact, none are as yet knowow- molecular form*®°

In the silicon hydride’s case, Stock’s nomenclatwoaild prove to be an effective and
lasting one, able to treat many future silicon comps, such as SHOH), or
Si(CHs)4, as simple substitution compounds, just as inaathemistry. These ideas
would be reiterated by Stock in his book, in 1933:

As to nomenclature, it is appropriate to follow tieage of organic chemistry and to
call the “saturated” hydrides SjHmonosilane, $He¢ disilane, and so forth, to
consider the other compounds as substitution ptedafcthe silanes, and to name

them accordingly™

% Later on, Stock would also discover the hydridigsl$ and SiH1..
190 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 21.
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Stock’s nomenclature proposal for the silicon amdoh hydrides in 1916 is to be
understood as an attempt of supplying silicon aratom chemistries with a
nomenclature as flexible and expandable as thatadfon chemistry. Such a heavy
reliance on carbon chemistry was justified by Stodlelief that boron, as silicon and
carbon, was tetravalent towards hydrogen.

Stock’s nomenclatures for the silicon and boronritgs were also an evident attempt
of unification of the carbon, silicon and boron chstries. Of course, this could only be
at the expense of believing in an unsaturated edturthe BoHi4 compound and in a
future discovery of the “monoborane” BHNaturally, Stock actively searched for
monoborane and also for triborane, which was alssing to fill the gap between,Bg
and BH;o and would be no more than the expectable analofyGeHs and SiHs.

Despite his best efforts, Stock failed at detectiregr existence:

The simplest borane that we found is diborang{sBand the next simpler is,B;.

In all our work we have constantly given the grsatdtention to the question as to
whether monoborane and triborane also exist.[...]

We have sought for such a compound numberless itimethe crude gas when

preparing the many boron hydrides; in the manifodéctions observed when

passing electric discharges between boride eleg$rodan atmosphere of hydrogen;
during the action of silent discharges upon mixdwehydrogen and boron chloride;
and especially in those reactions whegelBis formed from higher boron hydrides
by the reduction action of nascent hydrogen. Néase we found the least trace of
monoborane. This forces us to the conclusion thatahorane cannot be prepared
in identifiable amount&®?

Elsewhere, Stock would stress his conclusions @amewore definitive terms:

The simplest hydride of boron is,Bs. We have never found a hydride whose
molecule has but a single atom of boron, nor ha@dound one having three boron
atoms; evertraces of a monoborane could not have escaped noticer utiae
sensitivity of our methods. It may be taken aseyaértain that such a hydride does
not exist in tangible form’?

192 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 91.

193 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 17.
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Based on his investigations, Stock also dismiskedekistence of an isomeric form of
B4H10. Stock’s concern about two isomeric forms QHE, is easily explained by his
belief in an analogy between the boron and cardwmestries, since two isomeric
forms of GHip were already known. In fact, this concern was alsiended to JiHio:
“The compound SH;p was homogeneous; theoretically two isomers aleetexpected,
as in the case of 810.”1%

An important feature in Stock’s dismissal of thesgibility of isolation of monoborane,
is that it was grounded in an estimate of the bgilipoint of this (until then)
hypothetical compound made from a comparison of/ttatility of CH, (boiling point -
161°) with those of &g (boiling point -89°) and BHs (boiling point -92.5°). According
to Stock, this “leaves no doubt that monoboranetasge a volatility similar to that of
methane and that — like the latter — must have pgregiable vapor pressure at the
temperature of liquid air® Stock proceeded according to this reasoning to ptad
interpret the empirical procedure from which heit his negative conclusions on the

isolation of monoborane:

Condensation of B¢ is practically complete at the temperature ofitiqair. In the

vacuum-apparatus even a fraction of a cubic milén®f monoborane could not
fail to be observed; it would have to remain unamskd when cooled with liquid
air; and it would be recognized as a borane wherbdron was removed by an

electric spark, or by the green coloration impatigdts boron to a flam&?

Thus, Stock argumentation was entirely derived friois assumption that, because
ethane and diborane had similar boiling points, liipothetical BH would likewise
have a boiling point similar to that of methanenc® methane would not condense at
liquid air temperature, neither would monoboranee Tailure to detect the gas phase of
this hypothetical compound in the condensation ibbiine automatically implied its
inexistence in isolated form.

Notice must be made that this is a clear examp\ehiich the assumption of an analogy
between diborane and ethane became instrumentatheéo very planning and
interpretation of Stock’s investigations.

194 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 21.
195 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 91.

196 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 91.
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In 1926, Stock made his second nomenclature suggedthis time he was facing a
much more complex scenario. After the advent of ise®lectron pair bond, in 1916,
the boron hydrides had become “electron deficieditiorane, for example, had a total
of only 12 valence electrons to secure a minimur bénds, as those in an ethane-like
structure. This meant that bonding within the hgesi could not possibly be explained
by straightforward resource to Lewis’ theory, basedthe sharing of a pair of outer-
shell electrons. This, of course, had serious icagilbns both to Stock’s previous view
of boron as a tetravalent element towards hydregeito Lewis’ theory itself.

In 1922, Stock had already dismissed the generafityewis theory, so what really
dictated the death of Stock’s simple analogy betwestravalent boron and carbon
chemistry was his recent discovery of the pental laexaboranes 4Blg, BsH;; and
B6H10- 107

In 1925, Mark and Pohland (one of Stock’s co-waskéiad published their work on the
X-ray diffraction analysis of crystalline ethanéharane and disilane. The authors had
concluded for an effective similarity between e#haand diborane and a marked
difference with disilane. This similarity betweerbarane and ethane had also been
corroborated by infra-red absorption studies cotetldy Gerda Laski in 191%.
Based on these results, Stock kept the tetravaleihdyporane’s boron atoms. However,
the new penta and hexaboranes forced Stock to taetsp the trivalency of boron
towards hydrogen. Stock refers that boron alreaggented a trivalent behaviour in
some of its compounds, such aszBF B(CH)s, and that carbon itself also presented
this ambivalent behaviour: in GHor GHg it was tetravalent; in C@Els)s it was
trivalent. The difference was that in carbon chémijgrivalency had the minor role and
in boron chemistry it was the other way around.

Thus, Stock was forced to admit the following stowal formulas, which were only
suggestions rather than definitive statements &sterisk indicates tetravalent boron

atoms):
BoHg: H3B*.B*H 3

B4H10: H3B*.B*H 2.B*H,.B*H3

197 stock’s position on the chemical bond theory Wélreferred ahead.

198 These studies will be more fully discussed inlasequent chapter.
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BsHg: H3B*.BH.BH.BH.B*H 3

BsH11: HsB*.B*H 2.BH.B*HB*H3

BeH10: H3B*.BH.BH.BH.BH.B*H3

B1ioH14: HgB*[BH] a.B*H3

This departure from hydrocarbon structures wasrabiyureflected in Stock’s second
suggestion for the hydrides’ nomenclature. Haviegrbunable to detect monoborane
and confronted with the odd formulas of the peatad hexaboranes, Stock decided to
base his new scheme on a trivalent family of asupelietected existence, which would
follow the rule BHn:2: BoHa, BsHs, BiogHio, etc. These would be called “diborane”,
“triborane”, “dekaborane”, and so on. Apparentlythas time, Stock had not dismissed
the existence of triborane yet.

The already detected hydrides would be called Hyahanes, because they were richer
in hydrogen. These were further divided in two sagses:

- Dihydroboranes (two extra hydrogen atomsi8(dihydro diborane), 8y (dihydro

pentaborane), etc

- Tetrahydroboranes (four extra hydrogen atomghtsBtetrahydro pentaborane), etc

The investigation on boron alkyls, in 1921, mayrha@s, be inserted in this context.
Forced to accept the trivalency of boron towarddrbgen, Stock probably used his
previous negative conclusion on what concerned \amtaal dimerization of boron
alkyls to draw a similar conclusion on the eventliaterization of BH into B;Hs, this
way dismissing even an eventual transitory exigeot BH;. Whatever Stock’s
reasoning was, the fact is that Bid not present in the above trivalent family hedis
base his nomenclature suggestion in 1926.

By 1932, however, Stock made his third suggestion the nomenclature of the

hydrides. This time, Stock stopped building his eagiature schemes on non-existent
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hydrides such as:Bl4, B3Hs, etc. “It seems more appropriate to follow thibesoe than

to base the nomenclature on hydrides that do rioathg exist.”*

Besides not having been successful at detecting,tbid@s was, most probably, also a
consequence of his investigations on the hydridgesmonia, halogen and sodium
compounds. These studies indicated a clear depaftam a simple analogy with
carbon chemistry, and this may have led Stock tptd more cautious attitude and put
forward a purely phenomenological nomenclaturehwi structural assumptions.

Stock divided the empirical formulas of his hydgdeto two main groups with distinct
general empirical formulas and whose physical drehtcal characterization did match
such a separation. Thus, this was no arbitrary mehéut rather a purely

phenomenological one:

BnHn+4: BoHe, BsHg, BeH1o, BioH14

BrHn+6: BaH1g, BsH11™°

These groups corresponded to the dihydro and theht@lro borane groups that Stock
had suggested in 1926. At that time, Stock hadadirecalled attention for the
differences in the properties of these two groups.

On these groundings, Stock put forward a recomntenddor the adoption of a
nomenclature based upon thgHB., series, “the normal hydrides” with more stable
behaviour, which were to be called “boranes”. Adaoagly, the elements of this group
were to be designated by diborane, pentaboraneabbexne and dekaborane,
respectively. The other group elements, less sthptkides because of their higher
hydrogen content, should be called “hydroborané&s”particular, BHio and BHi;
should be called dihydrotetraborane and dihydrag®raine, respectively.

199 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 18.

110 stock did not include &4, in this group because its formula had not beeinitieffy established at the
time he wrote his book.
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2.6.2 - Theory

Until 1916, the hydrides already knowns(B,, BHs and BoH14) were remarkable for
their unexpected non trivalent structures, in patér for the non-detection of BHand
for the apparent tetravalency of boron toward hgdro However, after the advent of
Lewis’ ideas on the chemical bond, the hydridesaddition to being structurally
remarkable, also revealed “electron deficiency”. $tock, it was obvious that a

straightforward application of Lewis’ ideas to tmgdrides would not be possible:

The electronic formulation of the structure of theron hydrides encounters a
number of difficulties. The ordinary concepts oferace will not suffice to explain
their structure; this is shown by the fact thatha simplest hydride, diborangHs,
which has 2x3 + 6 = 12 electrons, as many bonds bruexplained as are required
for C,Hg which has two more (2x4 + 6 = 14) electrons atwdélaThus it is that any

structural theory for these compounds requires mgvotheses™

As will bee seen in the next chapter, many effaése made to articulate contemporary
ideas on the nature of the chemical bond in ordemdcommodate the hydrides odd
case. Stock’s position on the explanation of thenulal bond in the hydrides was of a
very different nature. A preliminary discussion iogps itself at this moment, though.

This is about Wiberg's account on Stock’s attittm@ards theoretical discussions:

And so in 1937 Stock was able to look back contiiytever a quarter of a century
of successful research in the area of boron hydidenistry, and close this chapter
of his experimental activities with the feeling tlzdl the necessary foundations had
been laid for a theoretical rationalization of tigigoup of compounds, the boron
hydrides, which were so puzzling from a valencenpaif view. As a dedicated

preparative chemist he engaged himself very littldhe theoretical evaluation of the
accumulated factual material. His preference wag,has in other cases, for the
discovery of new compounds and the exploration nknown reactions. The

theoretical evaluation was for him a “cura postérizvhich he willingly left to other

people. For he did not in general think highly pesulative considerations and

theoretical explanation's?

Hia Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 154

12 E Wiberg, “Alfred Stock and the renaissance ofganic chemistry’Pure & Appl. Chem .49
(1977). On 697.
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The danger here is taking the last sentence oiis dfue context, the boron hydrides
research, in which case Wiberg's description may l® a totally wrong perception of
Stock as essentially an empiricist with little @ne theoretical concerns. There is good
evidence against it. At his inaugural lecture atr@th University, as the George Fischer
Baker Non-Resident Lecture in Chemistry for theryE:82, entitled “The Present State
of the Natural Science¥™, Stock proves to have a very well informed persoigav on
the main contemporary sciences. His lecture cotrerscontemporary state of a wide
range of exact sciences, such as mathematics,gshif&tiock briefly discusses quantum
theory and relativity), chemistry, astronomy, malegy and biology (heredity and
biochemistry) but also technology, philosophy aadaogy. He further discusses their
inter-relations and their application to the betnefiman kind, putting forward his own
personal view on an ultimate historical procespasitivist amalgamation of all these
sciences. In particular, he considers the creatibmuantum theory “probably the
greatest accomplishment in natural science sineal#lys of Copernicus and Newton”.
Stock’s own words do convey an image of someon@lgemncerned with the most
significant scientific ideas of his time. The cdmation with Wiberg's description
comes at once if we limit its validity to the stridomain of the investigation on the
hydrides of boron. Hence, what Wiberg most cernyawdnted to say was that Stock did
not think much of the existent theoretical specdolet on the hydrides’ structures and
that he preferred to continue to gather empiricdbrmation to hasten to solve the
problem by providing a secure empirical foundat@mnwhich a theoretical structural
solution could rest. There is plenty of evidenca this was so.

Stock’s opinion on the consequences of the hydrafeboron to the theory of the
chemical bond was expressed in 1$¥2Rather than trying to accommodate the
hydrides of boron by more or less forced articolatof contemporary ideas, Stock
simply denied these ideas’ applicability to his hgds. He argued that the hydrides of
boron demonstrated the insufficiency of chemicahdaonceptions that had been
derived from Organic Chemistry. According to Stobkcause of carbon’s properties,

chemists had been led to believe in a simplicitgt tid not really exist for other

3 Stock,Hydrides of Boron and SilicofiNew York: Cornell University Press, 1933). OrmAlso as
A. Stock, “The present state of the natural sciefhic&cience75 (1932). Or845.

114 A, Stock, “Der Kohlenstoff und seine Nachbarn ietipdischen SystemZ. angew. Chen85 (1922).
On 341.
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elements. The hydrides of boron were to play anomant role in the development of
chemist’s conceptions of chemical bond, affinityl aalence.
This can explain Stock’s initial attitude towardsdéfg’s own model:

| still have vivid memories of the occasion whes, ayoung assistant, | showed
Stock the reprint of one of my publications on #tricture of boron hydrides, in
which | proposed that a pair of electrons coulddbinore than two atoms and that
the boron-chlorine bond in boron chloride was sg@nthan a single bond. He
looked at me with a generous forgiving smile; beseaileas such as “multicentre
bonding” and “back —donation” had at that time,gbly half a century ago, not yet

been conceivelt®

Wiberg's theory™® pictured diborane as an ethylene-like aniomf to which the
remaining two hydrogen ions"hvould be loosely linked. One can speculate theh su
theory must have sounded to Stock a pretty mucbetbrarrangement of a double
covalent link between the two boron atoms and skime of strange electrostatic bond
between the positively charged hydrogen ions aechtgatively charged ethylene-like
core.

Stock’s second nomenclature suggestion, in 1926 beaseen as an expression of his
opinions on the chemical bond problem in the hyelkidbf boron. Obviously, his
structure suggestions were not according to Lekesny, but the fact is that, whatever
the structure, that would never happen. Thus, Stodst naturally privileged the
structure problem over the chemical bond natureblpro. Solving the first was a
necessary condition to solve the second. Accorgjrgg focused on getting empirical
evidence that would help to solve the puzzle. H&vdgerg's words.

However, the investigations on sodium and ammortompounds of the hydrides of
boron gave important empirical support to Wibertfisory*’ and Stock was forced to
acknowledge it. He did so explicitly in his book orore than one occasion and this
may have been wrongly mistaken for an explicit supp Wiberg’s theory. Indeed, in
his review of Stock’s book, Lowry said:

15 E. Wiberg, “Alfred Stock and the renaissance ofganic chemistry’Pure & Appl. Chem .49
(1977). On 697.

18 Wiberg’s theory will be more fully addressed il thext chapter.

117 This will be discussed in the next chapter.
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The author himself [Stock] adopts a different pohae, since he assumes with

Christiansen (1927) that diborane;Hg, corresponds in structure and properties
with ethylene, GH,, rather than with ethane,lds, and accepts the formula which

Wiburg'*®in 1927 proposed on these lirfé¥.

This was an entirely abusive interpretation of 8®aevords. All that Stock did in his
book was to acknowledge all the experimental ewddetinat was in accordance with
Wiberg's ideas. At this point, it should be men#drthat, by 1932, Mark and Pohland’s
claim for a structural similarity between the cafsbhe forms of diborane and ethane
was being counter-balanced by some unpublished-uibiet absorption studies that,
according to Stock, had been obtained by Haus$eheoKaiser Wilhelm Institute in

Heidelberg:

These experiments had not been completed at tleedirthis writing, but they show
very plainly that in this regard Bls resembles ethylene much more closely than it

does ethan&®

Therefore, by this time, Stock was facing ambiveéenn what concerned the results
obtained by contemporary physical methods and cpesdly the decisive role had to
be left for his own investigations.

Even in the chapter of his book dealing with stwuah problems, Stock is strictly
objective and impartial, despite the fact that @&dhbeen written with Wiberg's
assistance. Although having acknowledged all thiglesxe in favour of Wiberg’s
theory, Stock still preferred to continue to inwgate. Thus, in 1932, after the advent of
Wiberg's theory and after his investigations on sbdium and ammonium compounds
of diborane, Stock still wrote in his book: “At Haruhe the present objective of our
further investigations is the development of thpeeknental basis for the discussion of

the structure of these compound$-”

18 The correct name would be Wiberg.
19T M. Lowry, “Valence Types and Problem#lature 134 (3382) (25 August, 1934). On 269.
120 5tock, A.,Hydrides of Boron and SilicoiNew York: Cornell University Press, 1933), p315

121 5tock, A.,Hydrides of Boron and SilicoifNew York: Cornell University Press, 1933), p. vi
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Also in 1932, Stock explicitly acknowledged the enaal adequacy of Wiberg's theory
in his address to the French Society of Chemi€dnce more, he refused to endorse it,

preferring to wait for further empirical evidence:

On a publié deja un grand nombre de théories ssirl@ture des hydrures de bore,
surtout dans la littérature anglo-saxonne. [...] n&e voudrais pas encore me
prononcer définitivement a ce sujet: j'attendraidsultat d’experiences en cours qui
ont précisement pour but d’eclaircir les questidasa structure.[...]

En tout cas il est certain que, dans ses combitetwec I'hydrogéne, le bore n'est
ni tri- ni pentavalent. En se basant sur la théétectronique, mon collaborateur
Wiberg a établi une théorie qui semble expliquaméd’ maniére satisfaisante les
données expérimentales et d'aprés laquelle le bemrat au fond pentavalent mais
aurait une coordinance maximum égale a quatre, idi'@sulterait qu’'un atome de

bore ne peut fixer plus de quatre autres atomegaupes d’atomes.

Toutefois, comme nous I'avons mentionné précédemnierdernier mot n'a pas

encore été dit a ce sujét.

This was so because in 1932, although in a somde$sBssertive way, Stock was still
holding to the convictions he had conveyed in laiggy in 1922:

The problem of the structure of the boranes nedtlsfigther clarification and
experimental confirmation. Our present-day genknawledge regarding the nature
of chemical bonds is still deficient, hence all btheses can not be more than
tentative. In the expected future broadening of tkinowledge the chemistry of
boron will probably play a very important part, fdris evident that valence

phenomena in this field are less simple than tikésarbon chemistry?

Stock hoped that, by condensing all his work orohdrydrides up to 1932 in the form
of an easily accessible book, he could further rdmmie to make chemists realize the
importance of the hydrides of boron to chemical ddheory and allow them to

contribute in an empirically sustained way to tbbjsct:

It [Stock’s book] may also facilitate the developrte of theories concerning the

constitution of these interesting compounds, fois isteadily becoming more and

122 A, Stock, “La Chimie du Bore’Bull. Soc. Chim. Frangé1 (4) (1932). On 711.

123 Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 161
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more evident that the hydrides of boron may havecisp significance in the

development of our general ideas on valency anthits linkage*®*

Stock’s last words in his chapter on the structprablem are meaningful. He chose to
cite J. D. Main-Smith, and it can be read as both@peal and a warning to his readers:

“These compounds must be regarded as a decisivef sy theory of valency:*®

2.6.3 - Chemical behaviour

Stock looked at his work on silicon chemistry hassihg shown its fundamental
structural and chemical similarity with carbon ch&tny, and was able to justify it with

the structural similarities of both elements ondkamic level:

On comparing the chemistry of silicon and of carlsome similarities are found,
particularly in the parallelism between the fornsulaf the compounds. This fact
should cause no surprise, because carbon andnsilicdnarmony with their atomic
structures and their positions in the periodic exyst have the same positive
(oxygen) and negative (hydrogen) maximum valenaghBiave a valence of 4, and
their highest hydrides and oxides are,Gifd SiH, CO, and SiQ. A further point
of similarity is that, like carbon, the atoms dfcsin can unite in chain¥®

Boron chemistry, however, was a different casegaltoer. Unlike silicon chemistry,

boron chemistry had not fulfilled Stock’s initiakgectations of an essential analogy
with carbon chemistry, as expressed in his noma&melasuggestions in 1916. Its
molecular formulas and chemical behaviour were dfvarse and unexpected nature:
“The chemistry of boron has proved unexpectedif it results and many-sided in

character [...J**’

124 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On vi.
125 Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 161
126 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 36.

127 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 168
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Since silicon chemistry seemed to be no more thegplcation of carbon chemistry,
the true object of Stock’s attention became botwenastry. Browsing through Stock’s
bibliography, one can see that his work on silittyadrides only covered a ten year
period, between 1916 and 1926. Even the period d@twi916 and 1921, in which
Stock published exclusively on silicon chemistrgswustified with its instrumental use
for boron chemistry research. Naturally, this aswtryn motivated by boron’s

unexpected chemical behaviour and its theoreticgllications, became evident in
Stock’s book:

This discussion of the hydrides of silicon is sorhatwmore condensed than will be
the following treatment of our work on boron, besauhe study of the silicon
compounds was not so rich in unforeseen resultssarths therefore to be of less

importance for general theoretical consideratigis.

Despite having discovered and acknowledged a reab&ldifference between boron
and carbon chemistries, Stock was not led to vieeamt as fundamentally distinct
entities. Instead, forced to change his initialdfeh a direct analogy between these two
chemistries, he was able to maintain a fundameatation between them through the
creation of a much more complex chemical entityt ihgolved not only boron and
carbon, but also silicon and nitrogen.

He saw his own work as the unveiling of the realdly such entity. Although
acknowledging that, in their elemental form, carb@oron, and silicon were “so
striking similar than even older chemistry had beéte to include them in a limited
group™®®, Stock argued that, until his own work, the cherigis of boron and silicon
had been restricted by the dominating affinity lnéde elements for oxygen, which
rendered impossible the manifestation of their dobmical possibilities outside strictly
controlled laboratory environment. As for nitrogétie similarities in the chemistry of
nitrogen and of carbon have long been kno@h”

Having proved the existence of that hidden richriesthe chemistries of silicon and

boron, Stock was able to build on the electricnitifs of the different elements and

128 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 20.
129 Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 169

130 . Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 168
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compose his own integrated vision of a gradual ¢ba&ntontinuum unifying all these

chemistries, with carbon at its epicentre:

The chemistry of carbon follows a middle courseneein that of boron, silicon and
nitrogen, as is indicated in the periodic systembOn unites in itself the chemical
abilities of its neighbors: the manifold reactivignd chain-building powers of
boron; the volatile, low-molecular compoundingsnitftogen; the tendency of the
compounds of silicon and boron to associate; theepgossessed by nitrogen and
silicon to form stable molecules containing the ifpos and negative elements
hydrogen and oxygen side by side. These phenonmtg, rudimentary in its
neighbors, are so extraordinarily developed in earthat they are the prime reason
for the eminent importance of the chemistry of carbCorresponding to its central
position in the periodic system at an equal distafiom the highly positive and
highly negative elements, carbon’s positive andatieg affinities are so perfectly

balanced that it has the maximum of symmetry aabiilsty.***

The importance of carbon in Stock’s chemical thiigkivas also expressed elsewhere:

The chemistry of each of these elements [boron siliwbn] is in its own way a
distorted and simplified image of the chemistrycafbon, that king of the elements
in which the chemical abilities of its neighboure aimultaneously magnified and

focussed into harmonious unity [**]

The “ideal” way to the construction of an undersliag of boron chemistry would be to
obtain enough “objective” empirical data to discotiee structural identity of boron
compounds and then to build on it an “understaridofgthe nature of the chemical
bond in these compounds. This was most probablgk&t@wn understanding of his
activity. As the history of Stock’s investigatiodemonstrates, this would be a totally
impossible process, at least in the present casbegin with, as the hydrides of boron
do not exist in nature, the very decision to lookthem involved the instrumental use
of the analogy with carbon chemistry. So, from teey beginning, carbon chemistry
was involved in a fundamental way in Stock’s inigegions. This was evident in his

nomenclature suggestions in 1916. Then, in 192vdseforced to abandon this simple

18LA, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 169

132 Citation in Wiberg, “Alfred Stock and the renaissa of inorganic chemistryPure & Appl. Chem.
49 (1977). On 695.
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analogy by the discovery of the penta- and hexatesraBut he kept open-chain
“carbon-like” structures for the hydrides of boromhis nomenclature suggestions in
1926. After his investigations on the ammonia coomus, Stock was forced to
contemplate another change in the way he saw thdadeg, as it seemed to support
Wiberg's ideas. Although recognizing the strong eioal adequacy of Wiberg's
theory, Stock always preferred to wait for new evice. However, when discussing
Wiberg’'s model in his book, he argued: “At the mmslittle may be said regarding the
structure of the higher hydrides of boron. The prtips of these compounds argue
more for chain structures than for ring structures.

And he goes on to present unsaturated open-chanbdn-like” structures that would
be in accordance with Wiberg's theory.

The point here is that carbon-like structures, Waebpen-chain or ring structures (as in
B3N3sHe), whether saturated or unsaturated, were thecogstant in Stock’s thinking. It
was his justification to associate boron to carbonhis gradual continuum of
chemistries involving carbon, boron, silicon anttagen — the “chain-building powers
of boron”. This is the crucial point of Stock’s seming in which one can see the ruling
power of carbon chemistry. In the consulted bibiamiy, there seems to be no
evidence that Stock ever had second thoughts srcthicial aspect of his reasoning.

Of course, one can argue that Stock was much mékee by the results derived from
physical methods, namely the x-ray diffraction isigation by Mark and Pohland, the
infra-red absorption spectra studies by Gerda Laskd the ultra-violet absorption
spectra unpublished results by Hausser. Indeedk Mad Pohland’s work received
much attention from Stock in the nomenclature sstige he gave in 1926. Stock
included there a detailed description of their rodthAnd it is also true that Stock, in
his discussion of Wiberg’s ideas invoked Hausseoisclusions. However, one can also
argue that the very interpretation of these stubjeStock was determined by his belief
in an analogy with carbon chemistry. In fact, tivas the reason why Stock favoured
the similarity between diborane and ethane but riggshdhe contradictory difference
observed for disilane, as reported by Mark and &uahl It must be noticed that the
similarity between disilane and ethane had alwagnlronsidered by Stock as obvious.
Thus, the difference between the x-ray diagramdisifane and those of diborane and
ethane, at the very least, had to be interpretedvadidating any direct inference from

133, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 160
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crystallized structures to molecules in the gasesiate. Also, a carefully reading of
Stock’s words about Hausser’s results seems toufatais interpretation: “These
experiments had not been completed at the timéniefwriting, but they show very
plainly that in this regard fBls resembles ethylene much more closely than it does
ethane **

The expression “resembles ethylene much more gidban it does ethane” clearly
demonstrates an a priori restriction to these tptmas.

To try to understand why carbon chemistry seemedbetoso important in Stock’s
thinking, the obvious way is taking into accourg tklative importance of the triumphal
contemporary successes of Organic Chemistry andulbsequent domination on a
disciplinary level in Germany, to such an exterdttRischer felt the need to fight
against it by sending Stock abroad to learn moderganic methods. The extent of the
impression of the successes of carbon chemistr§took is well documented in his
work “Der Triumph des Kohlenstoffes”, published i825%. Also, one must keep in
mind that Stock began his research career as @miorghemist. His PhD thesis under
Piloty, himself an organic chemist, was on orgacihemistry themes and he kept
publishing on the subject long after he initiatad imvestigations on boron hydrides.
Between 1898 and 1931, Stock published 18 worksaobon compounds. This is only
two works less than those he published on the tgdrof silicon. Finally, one must not
forget that Stock, as a young boy, became initisdtgrested in science by observing
and studying animals and plants. It is not thargje if Stock had a special admiration
for carbon’s ability to form such an immense weathcompounds upon which life
itself rests.

So, it really comes as no surprise if Stock, jestraich as boron in the periodic table,

happened to be himself “next to carbon”.

134 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 169

135 A. Stock,“Der Triumph des Kohlenstoffedaturwissenschafteri3 (1925). On 1000.
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3 - A Perpetual Puzzle

The hydrides of boron defied current ideas on therdcal bond since their discovery
was first reported by Stock and Massenez in 1912hd@ time, they came to put into
guestion the trivalency that boron exhibited initsllother compounds. In 1916, with the
advent of Lewis’ electron pair theory to explairnvatent bonds and unify the rationale
behind the explanation of bond formation in polard anon-polar molecules, the
situation got significantly worst, as their electrdeficiency could not be dealt with by
resourcing to boron’s outer shell of electrons. redible array of imaginative
attempts to solve the situation began then. Pecudies of polar bonds, the calling into
action of inner shell electrons despite the higlergies required for the effect,
unexplained or postulated odd interactions betwten boron atoms, new bridge
structures with no electronic concerns whatsoevewith one-electron bonds, ethane-
like configurations with one-electron bonds, pseatlom structures, were among the
many proposals put forward and the list goes orstMbthese suggested formulas were
specifically designed for diborane, sacrificing tdesired generality for bonding
concepts and theories.

Diborane, however, proved to be utterly irreducilideery time a new structure was put
forward, it was at the expense of giving up somedrtant concept or principle: the
electron pair; the octet rule; the accepted valenceoordination number for boron or
their constancy in boron’s link with hydrogen; tildea that only valence electrons could
be involved in chemical bonding; the atom-to-atoondb paradigm; the accepted nature
for the chemical bond.

These inconsistencies happened at a period of epaldition in chemical bond theory,
during which chemists struggled to reconcile tleim ideas and data on the atomic
structure of matter with the fast-emerging atorhieory being developed by physicists.
This partly explains the variety of structures tkept being suggested for diborane and,
sometimes, for the higher hydrides of boron as .wAkhother important factor
contributing for this situation was the lack of eximental data on the hydrides of
boron, notwithstanding Stock’s best efforts. Th@14-1921 stop due to WWI and to
the investigation on silicon hydrides played hemeiraportant role. During the 1920’s
Stock was still collecting important evidence. he tmeantime, the situation allowed
creative freedom to researchers. Needless to sayigdan important part of this time,
the hydrides of boron were far from being the oodynpounds with which chemists
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struggled. As time went by, however, bonding themifbecame increasingly powerful,
Stock’s persistence became utterly fruitful, ane thydrides of boron became
surprisingly odd. And so they remained until theiss.

Reviewing all those imaginative suggestions prolvew important these compounds
became to bond theory. In particular, it clearlpwh that the history of the chemical
bond cannot be written without taking into accoth# role played by the hydrides of
boron. This is abundantly demonstrated by the als/imoncern with these compounds
on the part of many of the key contributors to bahéory. In fact, they used

systematically the words “puzzling” and “puzzle’refer to the hydrides of boron:

[...] the structure of the dimeric,Bg presents a perpetual puzzle, in view of the fact
that there are two electrons less than the numbéhwust suffices to provide the
single bonds between the atoms igHE Much ingenuity has been exercised in
deciding which two electrons can be kidnapped Jethst risk of the loss being

detected; but no final conclusion appears to haeneachetf®

3.1 - “Heteropolar” Structures

Two ionic structures were proposed for diboranegsehobvious common purpose was
to account for its structure through the use ofelyichccepted concepts in bond theory:
the polar bond sustained by the electrostatic @itna between opposite charged ions
and the tendency of atoms to form closed shelltr@ec configurations in a chemical
interaction.

The first of these suggestions was put forward by ¥Arkel and De Boer in 1924, who
supposed that in the formation of the diborane mdé& each atom assumed the
electronic configuration of helium through the aaptof the six outer electrons of the
two boron atoms by the six hydrogen atarifs:

[B]:H— [B]-’H—

1367, M. Lowry, “Valency Types and Problem$Xature (August 25, 1934). On 269.

137 Unless otherwise explicitly stated, the illusiwas included in this chapter were taken from Acgto
Hydrides of Boron and Silicopages 155 to 163.
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Ulmann, in 1927, suggested that there were alsoativeg ions in diborane’s

configuration, according to the following arrangerne

[H]*
[(H]-  [HF
B: B ]
[H]~ [H]*
[H]*

One boron atom assumed the electronic configuratioreon by capturing 5 additional
electrons, while the other boron atom surrendetethree valence electrons in order to
adopt a helium-like closed shell, which was alseuased by two hydrogen atoms
through the capture of one electron each. The flemmaining ions in this arrangement
were protons.

This type of structures, which implied an ionicuratto diborane and a negative charge
for hydrogen were independently refuted by Stoc# Bhiller in 1927, on empirical

grounds.

3.2 - The bridge model

On 11 November 1921, in an address to the Chendloalety of Erlangen, Walter
Dilthey argued that the bimolecular nature of déya was better accounted for by the

following tetrahedral structure, in which boron weamsidered to be tetravalert:

H B/H""'ﬁ Y
eV
H H H

Dilthey's suggestion was concerned with structumne& He made no consideration
whatsoever on the electronic distribution in hisfaguration.

138 . Dilthey, “Chemische Gesellschaft Erlangefi’ angew. Chem34 (1921). On 596.
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In July 1927, Angus F. Core, of the chemistry depant of the University of
Manchester, wrote a letter to the editor of Joeirnal of the Society of Chemistry and

Industry, suggesting the following structure for dibordfie:

Core's structure for diborane.

When explaining his idea, Core presented it asgoadaptable both to the old and the
new quantum mechanics: “The dots in this formufaesent, in a necessarily imperfect
manner, the electrons revolving in orbits, or daarextended distributions of negative
charge which, according to some interpretationthefquantum theory, constitute the
electronic configuration*°

In this structure, the two inner hydrogen atomsregthaone electron with each boron
atom, but each of these electrons were under trectin of both boron atoms. The
hydrogen atoms could tentatively be seen as negaiivs whose negative charge was
greatly deformed in the direction of the boron eucl

Core did not make explicit whether the links betwé®e bridging hydrogen atoms and
the boron atoms were to be understood as one-@telotmds or three-nucleus bonds.
Core’s contribution was triggered by Ulman’s 192@pgwmsal, and seems to have been
motivated by a concern with the symmetry of molacwdtructures. Core argued that
there was not sufficient evidence that the intdrgability of Ulman’s octets would be
enough to support such an asymmetrical configuradi® (BH) (BH,)*. According to
Core, Ulman’s octets were not necessarily ablettairathe stability of the neon and
helium elements, because these had greater nuckeages. Core suggested that
Ulman’s polarity for diborane could be tested byasw@ements of the dielectric
constant at different temperatures.

Core argued for the plausibility of his configuostion energetic grounds, stating that
its energy would be lower than the two uncombindds; Bnolecules, even if its

hydrogen existed as undeformed negative ions. Thigsstructure could explain the

139 A. F. Core, “Chemical Combination and the Constitu of Boron Hydride” J. Soc. Chem. Ind46
(1927), 642 — 643.

140 A, F. Core, “Chemical Combination and the Constitu of Boron Hydride”,J. Soc. Chem. Ind46
(1927). On 642.
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association into diborane of the BHholecule, whose existence Core seems to take for
granted, even if undetected at the time. Moreotlez, deformation of the negative
hydrogen ions greatly improve the stability of tlimuble molecule”, because more
negative charge would be drawn in between the bouaiei.

Despite having the same basic configuration, Card BRilthey’'s structures were
entirely distinct from each other. Indeed, Core wasmcerned with the electron
distribution within diborane, but not with its tlerelimensional arrangement. As already
seen, Dilthey's concern was the other way arounéurther major difference was that
Core’s suggested structure, unlike Dilthey, was tetrtavalent. In fact, he argued that

his structure allowed dispensing the postulatiotetrvalent boron in diborane.

3.3 - Under the Carbon Spell

3.3.1 - The k electrons

In 1922, E. D. Eastman, from the Chemical Labosatdrthe University of California,
proposed his own account of the double and tripledbng in unsaturated molecules.
Eastman’s theory was heavily based on the con@msdeas published by Lewis in
1916, namely the cubic atom, the octet rule andstered electron pair. However,
Eastman departed from Lewis’ ideas in his use eftwo inner shell electrons to extend
the sharing of a single electron pair to multipdence bond formation, as opposed to

Lewis’ sharing of two or three pairs of electrons fiigher order bonding:

Adopting this hypothesis, the picture of the doubdsd which is now proposed is
that of one atom in which the central electronsehld@en drawn into the outer octet,
joined by two electrons to another atom in whicle thormal arrangement is
preserved. In cases of triple bonding the inner &lextrons are assumed to have
been drawn into the outer shell in each of two eatjg atoms, there being again two
electrons held in commofi!

11E. D. Eastman, “Double and Triple Bonds, and EtetStructures in Unsaturated Molecules”Am.
Chem. So¢44 (3) (1922). On 438.
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The figure below illustrates Eastman’s proposedcsirres for ethylene and acetylene.
The ethane structure is included for comparisorp@ess, namely to facilitate the
identification of the inner shell electrons, hegpresented as the horizontal electron

pairs with the carbon nucleus symbol in between.

H H H
.C-1.C-'H .CiC H:C:C:H
H H H

m:o:

Ethane Ethylene Acetylene

-

Eastman’s structures for ethylene and acelgne.

As mentioned by Eastman, the double bond in Etleylenformed with the inner
electrons of only one carbon atom. Only in acetglenriple bond, electrons from the
inner shells of both carbon atoms are brought prdg.

Eastman discusses how his theory depended on theutsr example of a periodically
changing law of force proposed by Dushman in 18&&¥jng the inverse square law of
force as a limiting case for great internucleartaises. His proposal was a
materialization of the periodically changing foraegued for by Lewis in 1917, in
accordance with his postulated refutation of theeise square law for small
internuclear distances in 1916. Also, Eastman argiiat his theory provided a natural
explanation for Lewis’ hitherto unpublished resuwts the restriction of multiple bond
formation to first period elements, since any elentelonging to a higher period had a
completed octet between its valence shell andwbartner electrons of its first shell.
After discussing the general suitability of hisdheto some of the empirical properties
of unsaturated compounds, such as their reactrity stability, for example, Eastman
proceeds to apply his theory to some classes opoands, such as chain hydrocarbons,
benzene, oxides of carbon, etc, ending with a dsoa of boron compounds.

Along with diborane, Eastman discusses two preiStictitious hydrides whose
existence had been claimed by Ramsay and Hatfi€lte simplest well recognized
gaseous hydrides of boron are the formulgslsBBH; and BHs [...]. The last two
obviously offer difficulty in representation by tieedinary theory.**?

142E D. Eastman, “Double and Triple Bonds, and EtetStructures in Unsaturated Molecules”Am.
Chem. So¢44 (3) (1922). On 450.
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Evidently, Eastman was not sufficiently aware & televant literature, because Stock
and Massenez, in their inaugural paper on the dgdrof boron in 1912, were very
clear about the inadequacy of Ramsay and Hatfieltslusions?*?

This fact was explained by Stock in his book, whkigstussing Ramsay and Hatfield’s

conclusions:

According to the present writer’s observations,aget of soda lime only a few
centimeters long suffices to remove completelydtier of boron hydride from the
gas passed over it. The supposed boron, obtainegabging an electric spark
through the gas, was not tested further, but ungollp consisted almost wholly of
silicon in such experiments as those made withbfet&;Hs" or with “BH3". Thus

all Ramsay’s analytical conclusions and the infeesn based thereon are

invalidated***

The application of Eastman’s ideas to “his” borgiides can be visualized in the next
set of figures, where the squares represent thaplarojection of Lewis’ cubic atoms

and the inner electrons of diborane’s first bordona are represented by the small
circles inside its square (the inexistence of thesdes inside the squares of the other

boron atoms means that their inner electrons wereght into play):*°

Eastman’s structures for BH;, BH; and B,Hg

143.plle diese Berechnungen Ramsays und Hatfield &imd&llig. Die untersuchten Gase miissen auller
Borwasserstoffen auch Siliciumwasserstoffe enthaltkaben.” In A. Stock, C. Massenez,
“Borwasserstoffe”Ber., 45 (1912). On 3542.

144 Treatment with soda lime was one of the stepsams$ay and Hatfield’s experimental method to

obtain the hydrides of boron. A. Stodkydrides of Boron and SilicofNew York: Cornell University
Press, 1933). On 14.

145 Eastman, “Double and Triple Bonds, and Electroru@tres in Unsaturated Molecules), Am.
Chem. So¢44 (3) (1922). On 450.
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One may notice that Eastman did not include amasgstructures the open chain
structure of BHs (H.B-B=BH) proposed by Ramsay and Hatfield. This wasbpbly a
consequence of Eastman’s belief in the universafityre octet rule, since the use of the
inner electrons of this structure’s last boron atmmcomply with it implied that its
hydrogen would share two pairs of electrons. Howewethe ring structure of i3
each of its three hydrogen atoms share an elegban with each of its two
neighbouring boron atoms. This possibility was aegal feature of Eastman’s theory.
Nevertheless, Eastman was able to use a valid amgum favour of the saturated
character of his structures: “It is also interggtio note that BHg substitutes rather than
adds halogen. It is therefore saturated in theesémst benzene is, i.e., because the
boron atoms are almost completely protected bytter atoms#

The following year, 1923, the idea of using boroK'slectrons to solve the electron
deficiency of the hydrides of boron made an indepaeh appearance at a famous
discussion on the theory of the chemical bond Hmidthe Faraday Society at the
Department of Physical Chemistry, University of Gaidge on 13 and 14 July. Robert
Robinson, commenting on Lowry’'s “depleted octett (extet”), stated that the
chemical behaviour of boron atom afforded “strikibgnfirmation” of Lowry’s view
that such an arrangement was possible in certagscédut such was not the case in the
hydrides of boron:

On the other hand, BHtoes not exist, and Stock and his collaboratove Is&aown
that in the hydrides boron simulates carbon, ohema3, simulates ¢ and is a
sexavalent group. The hydrides argHB (BHs.BHs), BsHio (BH3.BH,.BH,.BH3),
BeHi», (analogue of cyclohexane?) and B, (analogue of an isomeride of
hexahydronaphthalene).[...] In terms of the odtebty the obvious explanation is
that the inner duplet from one of the boron atombrought into play in order to
provide the connecting valency and complete thetsctn BHs we have, therefore,

H3B:BHse,, where g represents the inner duplet not called'8(t.

148 E. D. Eastman, “Double and Triple Bonds, and EtetStructures in Unsaturated Moleculek”Am.
Chem. S06.44 (3) (1922) On 450.

17 R. Robinson, G. Shearer, A. W. Porter, A. O. Raeki'Discussion”Trans. Faraday Soc18 (1923).
On 299.
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Thus, just like Eastman, Robinson believed thay onk of the boron atoms contributed
with its inner electrons to the boron-boron linko& used the following structure to
express Eastman and Robinson’s proposals:

o
anbl - Ha
:I::O?o:m

a8

However, this is somewhat misleading because, viiakiman’s configuration involved
a single boron-boron bond, Robinson’s proposal lves a double boron-boron bond.
In fact, by calling upon the K electrons of onlyeonf the boron atoms, Robinson
considered that the'B B’ structure was created within the molecule, whiehrdferred
to Lowry’s theory of mixed double bonds. These weoastituted by two different
types of bonds: one covalent link due to sharingred electron pair (in diborane’s case,
the inner pair of one of the boron atoms) and deet®static or polar bond (which was
provided by the asymmetrical distribution of eleas that resulted from Robinson’s
decision to engage the inner electrons of onlyaifrtbe boron atoms).

In his reply to Robinson, Lowry was naturally daligd to agree with his proposal:
“Professor Robinson’s application of the “depletedet” to the hydrides of boron is a
fascinating example of the way in which the usenofed double bonds throw light on
some of the most puzzling phenomena of chemistf.”

However, Lowry carried the subject even furtheguamg that boroethane (diborane)
B'Hsz — BHs; was the analogue of ethylene€ H3-C'H, and should behave as an
unsaturated compound.

He also argued that “borobutane”sHBo) B*Hs-B'H,-B"H,-B'H3 was the analogue of
butadiene and that the “hydrocarbongHs, was the analogue of benzene and should
resemble it in its propertig4’

148 R. Robinson, G. Shearer, A. W. Porter, A. O. Raeki'Discussion”Trans. Faraday Soc18 (1923).
On 301.

19R. Robinson, G. Shearer, A. W. Porter, A. O. Raeki'Discussion”Trans. Faraday Soc18 (1923).
On 301.
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However, in the “hydrocarbon” igH;4 two missing atoms of hydrogen broke the
analogy to naphthalene.

Robinson though of boron to be trivalent or quingent as nitrogen, their difference
stemming from the use of free electrons in the roskell in being in nitrogen while
boron had to use its inner electrons (the heliumplety as Robinson called them).
According to Robinson, this was in agreement witk fact that the trialkylborons
formed additive compounds with ammonia. In factramomethyl was prepared by
Frankland, who attributed it the formula B(GH)H3; and had been reinvestigated by
Stock and Zeidler in 1921, who corroborated Framiiaformula.

Mdller, in 1925, thought that both boron atoms dbuted to the link between them

with one inner electron each:

o
aniler e
aniie-Rgen

o

An important argument against this theory was tigh renergy value required to
involve the inner electrons in the chemical bondbofon. This was pointed out by

Lowry in 1923. Even so, Lewis was able to supp@dtEhan’s proposal:

This is an interesting theory, and not only offersew picture of the multiple bond,

but affords the only explanation which has so faeerb offered to account for the

existence of the two hydroborons,Hg and BHs,, which appear to be so similar to
ethane and butane. Nevertheless, there are somassebjections to the acceptance
of Eastman’s view, the chief of which is that oura¢ data seem to indicate that the
removal of electrons from the inner shell woulduieg a far greater expenditure of
energy than is available in ordinary chemical psses. It seems not impossible,

however, that a modification of his theory may Iseful in which it is assumed that
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the electrons of the inner shell of one atom, Hélpthe outer octet of another

atom**°

However, Fritz Ephraim (1928) and Wiberg (1929)nissed the inner electrons

hypothesis based on the empirical properties ohttigides of boron too.

3.3.2 - Different boron-boron bonds

Later on, in 1929, W. Hellriegel suggested that Keelectrons co-operated in an
“electrostatic-electromagnetic” bond)(between the boron atoms. For Stock, Hellriegel

did not explain this concept more explicitly, arallge took the liberty of representing

his structure as follows:

an
anpichga

2
anpi=cRgan

a

Stock related this structure to one put forwardAiyed Benrath in 1921, where the

point () indicated a different valence:

3.3.3 - Electron sextets and trivalent structures

In 1923, H. Henstock proposed a structure in wtode boron atom had six outer
electrons and was linked to two hydrogen atoms)emie other was able to fill the
octet and was linked to the other four hydrogemato

%0 G, N. Lewis,Valence and The Structure of Atoms and Mole¢#le®erican Chemical Society
Monograph Series (New York: The Chemical Catalogn@any, Inc., 1923).
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This meant that, with the other boron atom inclyded latter boron atom was bonded
to five different atoms, a situation that was ueidn chemistry. This singularity was
by-passed by J. Béesenken (1922) and W. A. Wal#5j19vho placed one hydrogen

ion in an outer sphere:
H*| H:B:B:H |
H

Stock dismissed this formula because his investigaton the ammonia compound of
diborane had convinced him that diborane was aadiebacid, while according to
Bbeseken and Wahl’s configuration it was monobasic.

In 1922, Maurice L. Huggins published his theoryrofalent structures for the hydrides
of boron. At the time, only B¢, BsH10, BsH12 and BoHis were known. Stock had
published his classification scheme based on tefieat boron in 1916 and there was
still a great deficit in the experimental knowledg®ut the hydrides of boron.

Huggins argued that Stock’s tetravalent boron wasoseed to what was already known
about atomic structure. Moreover, the formula @fH8,would not be simply accounted
for by boron’s tetravalency. Huggins also questtbwiy boron showed its tetravalency
only in its hydrogen compounds.

Based on these considerations, Huggins was ledoto for structures in which boron
had three valence electrons. He proposed the fsipeonfigurations?*

31 Huggins, “Boron Hydrides”]. Phys. Chem26 (1922). On 834.
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The key feature of these configurations was thestettron bonds, which were shared
by four atoms. According to Huggins, these striesushowed very striking analogy
with those of the carbon compounds ethylene (dimrabutadiene (B110), benzene
(BeH12) and naphthalene (BH14).

Huggins believed that the double and triple bondsspssed a residual affinity that
resulted in the attraction of other unsaturatedcstires and the formation of a bond of
three or four (sometimes more) electrons. Usu#llgse were only temporary structures
but he admitted that boron atoms had a greatereterydto form and hold such
complexes than had carbon atoms. He also admitidthe residual affinity of the
boron-boron double bond was strong enough to hotd bydrogen atoms, but it was
not strong enough to hold heavier atoms. This aueoufor his structures. However,
Huggins acknowledged that further experimental evag was needed before his or any

other structures could be considered to be proved.

3.3.4 - Pseudo-atoms

In 1928, George Glocker suggested a structure foorane based on the hydride
displacement law that had been put forth by Grimni925: “Atoms anywhere up to
four places in the periodic system before an igag change their properties by uniting
with one to four hydrogen atoms, in such a manhat the resulting combinations
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behave like pseudoatoms, which are similar to etesi@ the groups one to four places
respectively, to their right:>?
Thus, as the following table represents, a CH gmapld behave like a pseudo-atom of

nitrogen, a Chigroup would behave as an oxygen atom, and s6°on.

CIN| O F Ne | Na
CH| NH | OH | FH
CHy, | NH, | OH, | FH,'
CHs | NH3 | OH5"
CH; | NH4

Grimm had not included boron in his law, but Glacketended it to the hydrides of
boron by considering the BH group as a pseudo-atboarbon. Diborane would then
become a “pseudo-ethylene” moleculgBH)=(BH)H,. By doing so, Glocker claimed,
a whole boron chemistry could be conceived of iimplete analogy to carbon
chemistry. The following table is a transcriptiohteo tables by Glocker. Here they
were put together, side by side, to render theogyaihore cleat™

Hydrocarbons Hydroborons
Ethane CH- CHs | ChH2n+2 - BHs— BHs | BnH3ns2
Ethylene | CH=CH, | C,H,, | Borethane BH3; = BH; | B H3;,
Acetylene| CH=CH | C,Hn - BH, = BH, | ByH3an-2

These formal classes were not intended to inclildeeahydrides of boron. In fact with
the exception of B and BHjo, no hydride of boron discovered by Stock was idetl
in Glocker's three formal classes. Thus, Glockecanee convinced that he had

discovered the explanation for diborane’s strucamd led by his belief in an analogy

152 patani, LaVoie, “Bioisosterism: A Rational Apprbam Drug Design”Chem. Rey 96 (1996). On
3148.

133 patani, LaVoie, “Bioisosterism: A Rational Apprbain Drug Design”Chem. Rey 96 (1996). On
3148.

%4 G. Glocker, “The Structure of Boron HydrideSgience68 (1928). On 305.
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between the carbon and boron chemistries preditttedexistence of other boron

compounds.

Glocker argued that although Stock had assumednbtordoe tetravalent in diborane,

which he compared to ethane, it seemed equallynadde to compare diborane with
ethylene, since physical properties, such as tHengend boiling points, were as close
to ethylene as they were to ethane. He neverthaddssitted that the chemical

properties could differ, due to the different pimsit held by the positive nuclear

charges in diborane and ethylene. Even so, in basies the positive charges were
thought to be located inside an octet of electrons.

On these grounds, Glocker was able to dismiss ebauwf other suggestions, namely
those by Eastman, Stock, Huggins and the k-elestiteeory: “If the idea of the pseudo-

atom is extended to the hydrides of boron it issgme to write formulae for these

substances that conform more nearly to our usugdmof molecular structure than do

formulae advanced up to datg™

3.3.5 - One-electron bond

According to Stock, the one-electron bond conceast first suggested independently by
J. D. Main-Smith and Samuel Sugden in 1927. Howedherreading of Sugden’s paper
reveals that the origin of this concept can begdaniuch earlier, should one be willing
to view it as a fundamentally plastic concept tivant through several different bond
conceptions, ranging from the early electronic neéetheories to Pauling’s resonance.
Sugden himself adopts this view and traces the eqmnback to the early electronic
theories of Stark (1916) and to a suggestion fer Hgpothetical NGlby Thomson
(1921). In 1923, Prideaux suggested the followingrmiula for phosphorus
pentachloride (this formulation, in which each bandicates a single shared electron
and the superscript figures give the number of aresh electrons, was due to J. D.
Main-Smith)°°

1% G. Glocker, “The Structure of Boron HydrideSgience68 (1928). On 305.

%63, Sugden, “The Parachor and Chemical Constituffamt V. Evidence for the Existence of Singlet
Linkages in the Pentachlorides of Phosphorous artan®dny”, J. Chem. S0¢1927). On 1174.
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Thus, Prideaux maintained the octet rule but dasxhithe electron pair in two of the
chlorine atoms, which are supposed to be boundHhayiregy one-electron with the

phosphorus atom.

According to Sugden, Prideaux’s formula was subsetiy applied by Ingold and

Ingold in 1926 to explain certain cases of substituin aromatic compounds. These
authors viewed the one-electron bond (also callsohglet link) in Prideaux’s formula

as a “semipolar single bond”, that is, as congistih half a covalency and half an
electrovalency. This concept was directly derivexht the mixed type of valency that
had been defended by Lowry in 1923, at the Far&aayety Meeting:

If a shared electron is counted as half value &mheof the atoms which share it, there
is found to be a positive charge on the phosphatms and an effective half negative
charge on each of the chlorine atoms held by detinghis half charge does not, of
course, signify a splitting of the electron, butyntee interpreted dynamically on the
lines suggested by Hgjendahl (1924) as a stafisiieerage obtained by integrating
the field of the electron in the neighbourhood gfagticular atom over a time interval
which is large compared with the period of revalatin its orbit. From this point of

view it is obvious that the effective polarity ofshared electron will only be exactly

0.5 if its orbit lies symmetrically about or betweihie two atoms which share'it;

Obviously, the singlet link constituted a departtmem Lewis duplets, but Sugden

offered the following justification:

The conception of duplets is based upon the ocooeref electrons in pairs at each
guantum level throughout the structure of atoms] #re presence of an even
number of valency electrons in by far the greatenber of stable molecules. This,
however, can scarcely be regarded as proving theriable covalency linkage of
two electrons. Sufficient “odd” molecules existstwow that the pairing of electrons,

although very common, is not necessary for the &ion of stable molecules; also

157'3, Sugden, “The Parachor and Chemical Constituffamt V. Evidence for the Existence of Singlet
Linkages in the Pentachlorides of Phosphorous artan®dny”, J. Chem. S0¢1927). On 1175.
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pairs of singlet linkages, as in [Prideaux’s] fotenull, may well be present in

molecules containing an even number of valencytrelas’®

Sugden then analyses the eventual effect of omtrete bonds on the parachor and
concludes that parachor can be used to detectréisemqre and number of such bonds in
a molecule: “The extension of the electronic theofyvalency to include singlet
linkages, or more generally odd-electron linkages, therefore be subjected to a direct
experimental test and has no longer a purely speeealbasis; it opens up a wide field
for future investigation [...J*°

In his paper, Sugden applies the one-electron bmmttept to explain numerous
compounds, which could contain odd-electron boAds$ (or 5 electrons) formed by an
odd-number of singlet links.

Sugden’s structure for borethane (diborane) inauisinglet links:*°

H+1l2 H+12
H—B=—B—H
H+1/2 H+1/2

which Stock translated into its modern version

=

T

T T
=

Curiously enough, in his letter on the constitutajrthe boron hydrides, Core included
a post scripturmote in which he called attention to the publimatof Sugden’s paper

and acknowledged that such a configuration woulthbee stable than his own.

%8 5. Sugden, “The Parachor and Chemical Constituffamt V. Evidence for the Existence of Singlet
Linkages in the Pentachlorides of Phosphorous artandny”, J. Chem. S0¢1927). On 1175.

1393, Sugden, “The Parachor and Chemical Constituffamt V. Evidence for the Existence of Singlet
Linkages in the Pentachlorides of Phosphorous artan®dny”, J. Chem. S0¢1927). On 1175.

180'3, sugden, “The Parachor and Chemical Constituffamt V. Evidence for the Existence of Singlet
Linkages in the Pentachlorides of Phosphorous artan®dny”, J. Chem. S0¢1927). On 1179.
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In that same year, 1927, a modified version of ¢tme-electron bond ethane-like
structure was put forward by Nevil Vincent Sidgwiakhis bookThe Electronic Theory

of Valency'®*

Sidgwick did not agree with the pervasive presasfc8ugden’s singlet link and began
his account of this kind of bond with a clear staéat about its peculiar nature: “While
in all ordinary cases the evidence is stronglyawoiir of every covalent link being
constituted of two shared electrons, there are alsmamber of compounds in which it
is almost certain that a single shared electronfoam a link.”®? This constituted a

remarkable departure from the opinion he had def@érjdst a few years ago, in the

discussion held by the Faraday Society in 1923:

The idea that the shared electrons occupy binuddzts makes it clear why two
electrons are required for the purpose. When ortbeofwo is near to, or on the far
side of, one of the nuclei, its attraction on thieeo is negligible and it does nothing
to prevent the two nuclei from separating; wheriéésere are two, they may be so

arranged in phase that one of them is always ataita hold the nuclei togeth&

It is significant that, in addition to the hydridesboron, the hydrogen ionsHand H',
which inevitably had a one-electron bond, were tmdy compounds referred by
Sidgwick. One must conclude that Sidgwick’s departiiom his omnipresent electron
pair in 1923 was caused by the hydrides of borimeesthe hydrogen ions were already
known then. These ions had a transitory existeesgicted to experiences in a positive
ray tube. Their instability and very limited existe, which Sidgwick considered being
common features to diborane (in dry air diborans wat that unstable), and the fact
that they all were hydrogen compounds, led hinh&following conclusions: “We may
therefore conclude that the occurrence of linkenfedt of a single shared electron is very
rare: that such links are always unstable: andttiegt are only possible at all when one

of the atoms so linked is hydrogef§®

181N, V. Sidgwick,The Electronic Theory of Valen¢iyondon: Oxford University Press, 1927).
182 N. V. Sidgwick, The Electronic Theory of Valen¢yondon: Oxford University Press, 1927). On 102.

183 N. V. Sidgwick, “The nature of the non-polar link’rans. Faraday Soc19 (1923). On 469.

184 N. V. Sidgwick, The Electronic Theory of Valen¢yondon: Oxford University Press, 1927). On 103.
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Sidgwick restriction of the one-electron bond te thydrides of boron constituted the
major argument put forward by its opponents againStuch singularity in the chemical
world appeared rather suspicious.

Sidgwick believed that only an ethane-like struetwith a single bond between boron
atoms and two hydrogen atoms attached by one-etebtvnds could possibly describe

diborane:

s
T g
sl .- Ia s
)

The only other option considered by Sidgwick waes tise of the inner electrons of the
boron atoms, but he immediately dismissed it omgete grounds.

Sidgwick’s belief in an ethane-like structure se¢mbave been empirically founded on
the similarity of ethane and diborane’s boilingmisi He justified the assumption that
the one-electron bond was restricted to B-H link 8tock’s results on the stability of
diborane’s halogen and alkyl derivatives: “The thad and the alkyl derivatives are all
of the type BX% and careful investigation by Stock has shown thay give no sign of
association to BXs down to the lowest temperatures, while the hydnde no tendency
to dissociate into Bkup to the temperature at which it begins to decmsapwith loss
of hydrogen.*®®

One important aspect of Sidgwick’'s discussion oe s$itructure of diborane is his
omission to discuss the structure of the highermribgd. Sidgwick seems completely
satisfied with a single reference to their exiseeaad with applying his ideas only to
the simplest of all cases, leaving the reader whth impression of a straightforward
extension of his reasoning to the higher hydrides.

The important problem of the exact location of dime-electron bonds among the six B-
H bonds is not addressed either. In particulargBick does not even clarify if these
special bonds are to be understood as having d lnaation.

In 1931, Pauling published his second paper ométere of the chemical bond, which

dealt with the one-electron and the three-elechond concept§®. As with Sidgwick,

185 N. V. Sidgwick, The Electronic Theory of Valen¢yondon: Oxford University Press, 1927). On 103.
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Pauling’s one-electron bond was restricted to diber apart from the hydrogen ions.
Pauling’s concern with diborane can be traced back928, at least, when he took
some notes in which he discusses the applicatidronfion’s ideas to the ionsHand
diborane'®’

Apparently, having been unable to use the work bitlét and London to understand
these molecules, Pauling was led to argue for anata bond theory which also
included the one-electron bond:

The work of Heitler and London and its recent esiens have shown that the Lewis
electron-pair bond between two atoms involves didbna pair of electrons and
two eigenfunctions, one for each atom. It will @wn in the following paragraphs
that under certain conditions bonds can be fornedaiden two atoms involving one
electron or three electrons, in each case one feigetion for each atom being

concerned®®

Although acknowledging that quantum resonance gaergially due to the identity of
two shared electrons, Pauling argued that the egdin of the first-order perturbation
theory of quantum mechanics to a system consisifngne electron and two nuclei,
although not leading to accurate numerical restéiggaled that such a bond was indeed
possible. In most cases were the two nuclei hafkrdiit nuclear charges such an
analysis showed that only repulsive states weranaiti, but when the unperturbed
system was degenerate or nearly degenerate, aaresoenergy leading to molecule
formation was possible. Thus, the criterion for skebilization of the one-electron bond
was:

A stable one-electron bond can be formed only wihene are two conceivable
electronic states of the system with essentialystime energy, the states differing
in that for one there is an unpaired electron alted to one atom, and for the other

the same unpaired atom is attached to the secand.at

166 | . Pauling, “The Nature of the Chemical Bond.The One-Electron Bond and the Three —Electron
Bond”, J. Am. Chem. Sq&3(9) (1931), 3225-3237.

187 Ava Helen and Linus Pauling Papers, Special Cidles & Archives Research Center, Oregon State
University Libraries. Box 209. On 21.

188 . pauling, “The Nature of the Chemical Bond.The One-Electron Bond and the Three —Electron
Bond”, J. Am. Chem. Sq&3(9) (1931). On 3225.
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By “essentially the same energy” it is meant thna €nergies of the states of the

unperturbed system differ by an amount less thampdssible resonance enefgy.

After exemplifying the application of his theoryttee hydrogen ions, Pauling discussed
the boron hydrides case, recognizing their impaeato bond theory “on account of
their unusual and previously puzzling properti&§.”

In his discussion of the empirical data on the hotoydrides, Pauling repeated
Sidgwick’s arguments, including his dismissal o timner electrons contribution on
energetic grounds. One should keep in mind thatkStmublished his paper (with
Wiberg, Martini and Nicklas) on the electrolysistoé ammonia compound of diborane
in that same year, 1931 and that, most probablyliiawas not aware of it at the time.
Although Sidgwick had restricted his discussiondiborane, without including any
figure of his structure, Pauling attributed to Suilck the following structures for
diborane and tetraborane, arguing that these wdre iccepted in view of the quantum

mechanical discussion of the one-electron bdhd:

H H H HHH
H:B:B:H H:B:B:B:B:H
H H HHHH

Sidgwick's structures for diborane and tetraborane according to Pauling

To apply his stability criterion to diborane, Pagliconsidered the structures below:

H:B:B:H+-H H:B:B:H- +Ht
H =

1691 . Pauling, “The Nature of the Chemical Bond.The One-Electron Bond and the Three —Electron
Bond”, J. Am. Chem. Sq&3(9) (1931). On 3225.

170 . Pauling, “The Nature of the Chemical Bond.The One-Electron Bond and the Three —Electron
Bond”, J. Am. Chem. Sq&3(9) (1931). On 3225.

1. Pauling, “The Nature of the Chemical Bond.The One-Electron Bond and the Three —Electron
Bond”, J. Am. Chem. Sq&3(9) (1931). On 3227.
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Through successivestimatesof the energies of formation and electron affestiof
these compounds Pauling struggled to prove that tesonance energies could be
sufficiently close to obey his stability criterioh.must be noticed that, even giving full
credit to his criterion (its deduction was not reed in the paper), one can not help to
realize that Pauling did not deduce the necessitytife one-electron bond; he rather
strove to prove its plausibility. Moreover, his seaing is clearly circular, as both
structures above are postulated to have anotheelentron bond. Even so, Pauling put

forward the following conclusion:

We accordingly conclude, in default of another ctinee, that the one-electron bond
is to be accepted for the boron hydrides, whosst@xte provides the strongest

evidence that the condition for the formation o thond is satisfied’?

This conclusion is doubly fallacious: first, Pagjinses the false inexistence of another
structure to force the acceptance of his theorys tipostulating (wrongly) the
inadequacy of Wiberg's (or any other) theory; sel;dme uses the very existence of
diborane to argue for his theory. This was a dicectsequence of his first fallacy.
Besides his alleged theoretical substantiationhef one-electron bond, Pauling put
forward an important amplification of Sidgwick’s amnt of this concept. Although
Sidgwick was not explicit about a possible statr@aracter for the two one-electron
bonds in diborane, Pauling argued against it. Adiogr to him, the various
configurations obtainable by the mobility of theeeglectron bond among all the B-H
links further stabilized the molecule through aiahill degeneracy, since it was obvious
that all these configurations had the same endfgyther distance from Sidgwick’s
account was provided by Pauling’s rejection of Simg's conclusion for the
mandatory presence of a hydrogen atom in this &fohk. In fact, Pauling argued that
his stability criterion would be necessarily obeysdsuch structures as.lj N&", etc,
and that it was possible that other compounds wingl one-electron bonds between
two unlike atoms would be discovered.

Finally, it must be perfectly clear that Paulingisparture from the electron pair bond

must be seen in a wider context that also inclingeghree-electron bond concept.

172 pauling, “The Nature of the Chemical Bond.Tlhe One-Electron Bond and the Three —Electron
Bond”, J. Am. Chem. Sq&3(9) (1931). On 3237.
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Robert S. Mulliken built on the one-electron borbda@e-like structure to account for
diborane’s structure according to his molecularitatbtheory. In 1932 and 1933,
Mulliken predicted a paramagnetic behaviour foroddme but was forced to change his
account because diborane was found to be diamagetindirect measurements by
Farkas and Sachsse in 1935. This result was coedirby Mulliken through direct
measurements in that same year. He then built mnrésult and his own previous
theory for GHg structure to account for diborane, whose struch@&eonsidered to be
that of ethane deprived of two electrons. Mark daghland’s results played an
important role in Mulliken’s justification for takg a priori an ethane-like structure for
diborane.

Stock dismissed the one-electron bond becauseditnibaapplication other than the
boron hydrides and also because it infringed thetaale: “The assumption of singlet
bonds seems arbitrary and unsatisfactory becauseever appropriate it may be in
some other cases [the hydrogen ions], it doesmthtis instance attain the end aimed at
—viz., the building of noble-gas electron shells &l the atoms involved™® Its
“arbitrariness” would be systematically pointed astits major shortcoming.

On the empirical level, the one-electron bond whke @0 explain some of Stock’s
results, such as the addition of two sodium atgusjting to a special position for two
of the hydrogen atoms in diborane. This fact actouior the survival of his
configuration for diborane as the only ethane-kkeicture to outlast the confrontation
with empirical evidence. However, it did not expléhe reaction mechanism Stock had
put forward to account for the action of diborangom ammonia. Its supporters
preferred to hold to the X-ray diffraction resutistained by Herman Francis Mark and
Pohland in 1925. They had studied the X-ray phetplgs of solid BHs and compared

it with ethane and disilane $is. They concluded for a marked similarity between
diborane and ethane. Disilane was found to beloraydifferent symmetry system. The
B-B distance was found to be 1.8 to 1.9 A: the atise between neighbouring
molecules was 3.7 A. The corresponding values thoaree were 1.5 - 1.6 A and 3.5 A,
respectively. This indicated that in diborane tloeoln atoms were farther apart that

were the carbon atoms in ethane.

173 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 157
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It is somewhat surprising the way these resultsevegstematically invoked by those

actively involved in defending the ethane-like sture for diborane. It is also surprising

how long they did it. As will be seen ahead, dirextrapolations of results taken from

crystalline structures to their gaseous phase dic¢constitute sound science. This much
was acknowledged by Pauling later on (this issuebsiaddressed in chapter 5).

In corroboration of the ethane-like structure fdsadane, Stock also referred the infra-
red absorption spectra studies made by Gerda ragl19 but these results were never
mentioned by anyone else. This may have been dtleetfact that he never included

the reference of her work in his own work, despitring mentioned it on several

occasions. Apparently, Laski was the first womaerekat worked with the hydrides of

boron.

3.3.6 - Lewis’ structures

In 1933, Lewis proposed an alternative to the deeten bond. He conceded the
existence of the one-electron bond in the hydrages, but thought that it was very
doubtful that there was good evidence for its exisé in any known stable molecule.
Lewis argued that any atom or molecule containing or more unpaired electrons
would exhibit paramagnetic behaviour and that tés the most effective criterion to
detect the existence of unpaired electrons.

Addressing the structures proposed by Sidgwick Badling, Lewis expressed his
conviction that they did not pass his criterion:s*far as | am aware, the magnetic
properties of these substances have not been djudi¢ when they are, | shall be
surprised if any paramagnetic behavior is obsetvEd.

To comply with his prediction of a magnetic behawitor diborane, Lewis proposed an
ethane-like structure in which all electrons reredipaired but would occupy each link

only six sevenths of the time on average.

We shall then have a picture of a molecule in wlalthihe electrons remain paired,
but in which the orbits are not fully occupiedwé imagine the electrons in rapid

motion throughout the several orbits, and in sulchsp relations as to preserve the

17 G. N. Lewis, “The Chemical BondJ, Chem. Phys1 (1933). On 20.
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pairs at all times, we should presumably diminish strength of the bonds without

altogether destroying their stabilit{’

Lewis did not include any representation of hisigires, but later on, in 1937, Simon
H. Bauer used Pauling’s resonance to put togethafiry and Lewis structures in a
resonating set for diborane (Bauer’'s work will lmiEli@ssed in chapter 5). These were

the configurations he attributed to the structymemposed by Lewis®

HH HH
H:B B:H, HB:.B:H,
HH HH

Lewis' structures according to Bauer

3.3.7 - Wiberg's structure

Another ethylene-like structure was suggested blyarg in 1928. His theory was based
on the hypothesis that boron was pentavalent towsagdmore positive hydrogen (to
achieve a neon-like electronic configuration) bhattits maximum co-ordination
number was only 4, thus combining only with fousras or groups of atoms. The result
of this essential tension between the valency amidination number of boron led to
the association of two boron atoms according tddhewing structure:

The capture of two hydrogen electrons allows eamorb atom to achieve a neon-like
electronic configuration, benefiting from five atidnal electrons, while making only

four chemical bonds. Thus, four hydrogen atoms warked to this structure by

1 G. N. Lewis, “The Chemical BondJ, Chem. Phys1 (1933). On 27.

1783, H Bauer, “The Structure of Diborang”,Am. Chem. Sq&9 (6) (1937). On 1100.
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“regular” covalent bonds, in which one electronrpai shared. The remaining two

hydrogen nuclei, which were deprived from theirceiens, were, according to Wiberg,

loosely bound, supposedly by an electrostatic cttna with the negative structure

above arranged within the electron shell of theob@atoms. Analogous structures were
subsequently put forward in 1928 by StackelbergEpiaraim.

In his book, Stock presented the following two figg to express Wiberg's

configuration:

H H H H
o |
B—::B- | 2H* H---B=B---H
H H H H

As Stock himself stressed, both these figures mzemplete: figure | does not make
evident that the two hydrogen positive ions aredmghe electron shell of the boron
atoms; figure Il only hints that the two protong dound differently from the other.
Stock’s difficulty in displaying Wiberg’s structuiie symptomatic of one of its major
shortcomings: since Wiberg had been rather vaguehat concerned the exact position
of the two hydrogen ions, his structure could net \asualized. Later on, this
shortcoming brought about serious methodologicalizations.

One of the theoretical arguments for Wiberg’s dtritee resulted from amplifying the
original scope of Grimm’s hydride-displacement lawus, it was argued thatBs and
C.,H4 were, to a certain extent, isomers that diffenedhe position of two protons
within their molecules. Such vision was corrobodaby the marked similarity between
the chemical and physical properties of both mdéscurhis had already been pointed
out in 1927 by Christiansen, who did not say amghiabout the electronic
configuration of diborane. Stock considered thisirmportant argument for Wiberg’'s
formula.

According to Stock, the unsaturated nature of @herwas evident from the addition

reaction of two sodium atoms, which could be exgedausing Wiberg’s ideas as

[BHZZBHz] H, + 2Na— [BH3-BH3]N8.2
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The special position of the two hydrogen atoms alas shown by the formation of the

ammonium salt of diborane, which Wiberg’s structigmedered easy to express as

[BzH4] Hs + 2NH; — [BzH4] (NH4)2

If one recalls Stock’s mechanism for this reactibms evident that Wiberg'’s structure
for diborane was specially suited to it. MoreovBtpck used Wiberg’'s structure to
explain the empirical formula BIgN, of the solid residue that resulted from the
electrolysis of the ammonia compound of diboranecokding to him, this formula
should be expressed asHa(NH,),, indicating that during the electrolysis two okth
hydrogen atoms of 81 had been replaced by NHThe much lower conductivity and
acidity of B.H4(NH2), as compared with Bl are explained by the fact that, as in many
similar cases, the insertion of MHgroups causes an intramolecular neutralization or
salt formation.*”” According to Stock, this reaction could be easilsitten using

Wiberg'’s structure, as expressed by the followiggre:

H H‘I NH, ITIH2 Nfi{,;r ITIH;
i

1‘3",,,,,-Bl" 2HF B-—B~ hpH' = 1?—:1?-
I

||| H H H H H

ByH, acid form snner salt

of ByH(NHy),

Wiberg’s structure for BHi0 could be deduced by noticing that this hydridelddie

synthesized from B1s by means of the iodine compoungHl:
2B.Hsl + 2Na = BHs-B,Hs + 2Nal
Thus, the structure of sBl1o could be obtained by combining twgHE molecules and

dropping two hydrogen atoms. This would resultwwo double bonds and four specially

bound hydrogen atoms, in a structure that resenthbtdf butadiene:

Y7 A. Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 131
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- Ll
[ H HH H or H—B—B-B—B—H
H:B::B:B::B:Hj4H" : il

The similarity between the ultra-violet absorptgpectra of tetraborane and butadiene
was pointed out by Stock. Moreover, like certaimiaggives of butadiene, fBl;o took

up two sodium atoms and it also took on foursNhblecules, in accordance with its
Wiberg structure: “Again, the results of the elelytsis of BiH;0 and of BHg in liquid
ammonia may be explained by the above formula witboing them violence**®

Stock also pointed out that Wiberg’s formulas fdyadane and tetraborane reproduced,
with the modifications implied by contemporary éteaic theory of valence, the very

first formulas suggested for these compounds, ewritty R. C. Ray back in 1916:

II-I II—I HHHH
l |
H—1l3=]’3-—H H—B=II3—B=1£—H
I
H H HHHH

Ray, Gupta and Travers had done important workhenbbron hydrates and, in 1930,
Wiberg argued for an intimate connection betweeair ttesearches and those of Stock
and his co-workers on the boron hydrides. Usingwkaedge gained investigating the
boron hydrides, he was able to apply his theorgraw structures for the compounds
discovered by Ray, Gupta and Travers that wererdowpto the electronic theory of

valence:

- OH OH OH OH OH OH

I e | | _ |H
H—]IS— = —]|3—H H, H—B=B—H
| OH OH

(d) H12B405 (b) HeBzOz
—ﬁ——O—ﬁ—]ﬁ—O—B B—B

| H

O 00 J 44

(C) H2B40e (‘l) B202

178 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 160
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But Wiberg did not stop at the structures of thesenpounds; he drafted a very
complex scheme of their sources and reactionsdardo explain the formation of the
boron hydrides when acids reacted with magnesiund&d’. Apparently, this had
never been done before. The action of hydrochlacid upon magnesium boride had
been Stock’s only method to produce the hydrideBaobn since the beginning of his
investigations, but no full explanation was prodder.

Stock acknowledged that Wiberg's scheme was fiuidmd showed empirical
adequacy: “The scheme shows very plainly the ctogaection between the hydrides
of boron and the boron compounds found by Traveupta and Ray. [...]

Taken on a whole, the facts considered above lgedarkable degree of probability to
Wiberg’s assumption$®

Despite being aware that little might be said alibatstructure of the higher hydrides
of boron, Stock put forward the configurations ofre@ according to Wiberg's theory,
based on the conviction that their properties waoge consonant with chain structures

than with ring structure¥"

B,H, (2 X3+ 6=12 clectrons) B::B:

B;H, (5X3+9=24 electrons) :B::B::B::B::B:

BeH;y  (6X3+10=28 electrons) B::B::B::B::B::B:

BjoHys (10X3+14=44 electrons) :B::B::B B::B::B::B::B::B::B:

By 1931, only two structures seemed to have sudvilie evolution of bond theory and
tests of empirical evidence: the one-electron betidne-like structure and Wiberg's
configuration. Stock himself acknowledged this &iiton: “For the rest, the Sidgwick
and Pauling formula approximates one of Wiberg'$ énd corresponds with it in that it
assigns to two hydrogen atoms bonds that diffenftbose of the other four hydrogen

atoms, thereby adapting itself to the experimédiatzts.™%?

" Wiberg’s impressive scheme may be found in Stobkisk, on page 164.
180 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 167
181 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 160

182 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 157
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No direct evidence favoured any of these strucfluaktsough the ability to explain the
reaction of diborane with ammonia seemed to givbany'’s ideas a clear advantage on

the empirical level:

In any event, it seems to be clearly establishatttkio of the hydrogens differ from
the other four in being acidic, and electrolysis soflutions in liquid ammonia
confirms the deductions made above, since the efééct is a replacement of two
non-acidic hydrogens by NHadicals, followed perhaps by the formation of an

“inner salt” [...J%

Despite the apparently overwhelming indirect evaem favour of Wiberg’s structure,
a small community engaged in the defence of thanettike structure took its initial
steps starting in 1929-1930 in the United State&mérica. Their commitment took the
form of a very cautious initial attitude towardsetlilebate, while persisting in a
systematic research program, their “stubborn” opjposto Wiberg's theory can not be
unequivocally justified. However, a comment madeBawer a few years latter leads
one to suspect that the “strange” nature of thetmstatic bond between the two
hydrogen ions and the [BHBH,] core was one of the reasons behind their attitude.
Another reason may have been the difficulty in &lging Wiberg's structure. Also,
although this was an issue that has never beeedraig those actively working in the
field, it was a fact that Wiberg’'s structure invetl’a simultaneous link between three
atoms. That this may have been a key aspect thaeeddViberg strong opposition is

disclosed by Lowry’s words:

The difficult problem of the structure of the borbgdrides continues to attract
investigators. F. Ephraim considers that they oarsdtisfactorily explained on the
octet theory of distribution of the outer electrpobsit in his suggested structures
some electrons are shared between three atomd) willcdoubtless be considered

unsatisfactory®

Lowry was referring to Ephraim’s structure but gincwas analogue to that by Wiberg,

his words also applied to the latter.

1837, M. Lowry, “Valency Types and Problems”, Natfaigust 25, 1934). On 269.

184 4. Bassett, “Inorganic chemistryAnnu. Rep. Prog. Chen®26 (1929), 34-73.
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Pauling and Mulliken’s theoretical accounts werganmtant in legitimizing the ethane-

like structure, but its real importance in the catnment of those engaged in analytical
chemistry must not be overestimated, as will be& s¢ead.

Despite their different commitments and evaluabbavailable evidence, there was one
issue on which all were willing to agree: the solntto the puzzle could only be

achieved by developing better production methodsyss higher yields would render
the hydrides more prone to investigation, a necggs@-condition to collect decisive

evidence in order to settle such complex problem.
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4 - A Spark is the Method

4.1 - Baby Steps

By 1930, the hydrides of boron were produced ouStaick’'s laboratory for the first
time. Not surprisingly, the driving force for suekiolution was the structural puzzle that
the hydrides of boron were imposing to chemistrgl #re clear perception that better
yields in the preparative methods had to be achi@verder to make possible a more
intensive and extensive program of research thaitldvtead to the solution of the
problem.

Thus, three different research groups, in threg detinct geographical locations, were
now actively involved in the search for improved thuels of production: besides
Stock’s group in Germany, Bertram Dillon Steele dathes Edward Mills in Australia
and Hermann Irving Schlesinger and Anton Burg inefice were trying to develop
their own new production methods.

One of Stock’s attempts was to substitute magnebiomade by beryllium boride, which
was prepared from boron trioxide and beryllium j@st magnesium boride was.
Beryllium was produced commercially by a procesgetigped by Stock, Wiberg and
Hans Martini prior to 193> The results came out very similar to those of meagm
boride both in quantity and in quality. As with nm&gium boride, BH10 was the chief
product of the acid decomposition of beryllium leri This was a more expensive
process, but in the preparation of small quantitédoron hydrides, its higher cost
could be offset by using pure silicon-free berylliuThis would render hydrides of
boron free from silane contamination and the difti@nd destructive separation could
be avoided.

Another interesting attempt was published in 19g@brtram Dillon Steele and James
Edward Mills, of the University of Queensland atsBané®®. Despite the work of these

authors was about to be made quite ephemeral byahe of Schlesinger and Burg in

18 Stock refers a paper published by these authot930, thus placing the development of this method
before that date.

18 B. D. Steele, J. E. Mills, “XIl — The Hydrides Bbron”, J. Chem. So¢(1930), 74 — 79.
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1931, there are several reasons which justify aensareful look at both the work and
life of Bertram Steele (unfortunately Mills provetd be a really inconspicuous
character): Steele and Mills were the first inigegbrs, other than Stock and his co-
workers, to produce their own hydrides of bororm@gtock’s first publication in 1912;
also, it is somewhat intriguing that Australia wasbe the first place in which the
hydrides appeared during “Stock’s era”, other tlizgrmany. This led to a natural
curiosity about Steele and Mills and the developisi¢hat led them to work on the
hydrides. Unfortunately, this part of their workshheen entirely neglected in the
biographical accounts that were found available Steele (no secure biographical
information on Mills was obtained). Thus, one coantut really find out what led them
to work on this subject, other than their own esipliconcern with the structural
problem. In fact, the following quotation makewdry clear that their intention was to
render the investigations more amenable to theckefar the BH molecule: “The
conclusions of Jones and Taylor, Sabatier and Ramarsé Hatfield as to the existence
of BH3; are withoutsufficient experimental foundation, yet a doubt agms thatthe
existence othe simpler hydrides might be established if fietd of investigation were
widened.*®’

Meanwhile, Steele turned out to be a very intengstiharacter, both on the scientific
and on the personal planes, and since it seem$i¢ghbeécame largely forgotten by the
history of science, the decision was made to ireladiographical note on him. After
all, he and Mills did make a contribution, althowgiminor one, to the improvement of
the production methods of the hydrides that waslilg@ancorporated by Stock in his
practice. This biographical note will also estdbliBertram’s high intellectual and
scientific status, adding to the pattern of firster scientists that was to be maintained
throughout the whole investigation on the hydrideboron.

Bertram Dillon Steele was born in 1870, on May &he English city of Plymouth. As
a young man, Steele emigrated to Australia. He ftsdied Pharmacy, took the
Society’'s Gold Medal at the qualifying examinaticamd started a pharmaceutical
business. He then became dissatisfied with than@wind entered the University of
Melbourne at the age of 25 to become a medicakstudh his first year, Steele realized

that his true vocation lay in Chemistry, having sl a sensation by obtaining one

187B. D. Steele, J. E. Mills, “XIl — The Hydrides Bbron”, J. Chem. Soc(1930). On 74.
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hundred per cent in his Chemistry examination.889, he graduated as a Bachelor of
Science, taking first-class honours in the Scho@lemistry.

One year after graduation, Steele was awardedeanas scholarship and travelled to
London to work one year with Professor Collie & Wniversity College. A joint paper
on Dimethyldiacetylacetone, which became a standamk on the subject, was then
published. On the advice of William Ramsay, Steedéat to Breslau in 1901, to work
under Professor Abegg on a problem of his own —déeelopment of the Moving
Boundary method of measuring Transport NumberserAdbmpleting the preliminary
work, which showed the great possibilities of thetimod, Steele became nonetheless
interested in another problem, which involved theasurement of Transport Numbers
of Calcium and Barium halides in dilute solution the Hittorf Method. This work
gained him the degree of Doctor of Science, awandedsentia by the University of
Melbourne.

After his stay at Abegg’s laboratory, Steele wasted by Ramsay to return to London
and become associated with him in research inriuate laboratory.

When this extended scholarship ended, Steele wasirdpd senior demonstrator of
Chemistry at the McGill University, in Montreal. year later, he accepted a similar
position at the Heriot-Watt College, in Edinburgb¢otland, where he engaged in
research on Solution theory. Steel became a wadlelauthority on this subject.

In 1906, Steel returned to Australia to accept plosition of Senior Lecturer and
Demonstrator of Chemistry in the University of Melione. In December of 1910, he
was elected by the senate of the new UniversityQuéensland to fill the post of
Professor of Chemistry. Steele worked very hardudd from scratch the chemical
laboratory of the new university, whose sound dmwelent owed much to his

commitment, at the expense of his research work:

Students of the University to-day will find diffitty in visualising the University of
those early days. Professor Steele delivered hiy ésctures in Brisbane in an
almost bare room, the sole furniture being a clzatgble and a black-board. There
were seventy students at the opening of the Untyetbey had no laboratory and
had to improvise one out of kitchen tables, chaird sundry culinary implements.
Professor Steele set himself to change all thid,iawas due to his untiring efforts
that the Queensland University eventually had thest-equipped chemical

laboratory in Australia. Moreover, the fact thag thniversity of Queensland has a
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standard as high as that of any University in tleldvis due in no small measure to

Professor Steele’s effort&

Besides his contributions to knowledge in ChemjsBteele was also the inventor of
valuable laboratory apparatus, the most famoushemtbeing the so-called “Steele-
Grant Micro Balance”. Steele devoted to this prbjegery spare moment in his
laboratory or in his home during many months. Laberinvited Kerr Grant, a brilliant
younger colleague, to join him. Together, they seded at making the most precise
balance in the world, so delicate that it had toképt and used in a vacuum case. It
could sense one thirty millionth part of a gfdih This instrument was later copied by
Ramsay, with Steele’s permission, who never patehig invention so that it would be
available to other scientists, in the hope thatyth@ turn, could make further
contributions to the advancement of science.

It was as an inventor that Steele went back to &mlin 1915, during WWI. Steele
invented a new gas mask and some sort of submaeteetor device for which he was
sworn to secrecy before the Board of Admiraltywdoom he presented it. However,
Steele also made important contributions to Endtanar effort as a chemist. Having
been appointed as an inspector of factories supplgmmunition and chemicals to the
British Government, Steele immediately denouncedféibulous profits that were being
made by private factories. He then developed a meie to the synthesis of phenal,
allowing a major reduction in the cost of this protlto the British Government, who
instructed Steele to design, build and manage a&fBawent factory to produce it. Steele
did it with astonishing efficiency and successraating the attention of one of the
American suppliers of ammunitions for the Britistov@rnment. Steele was offered a
fabulous contract to go to America but to greapase of the American, Steele refused
it, as had refused all the payments and the highesburs offered by the British
Government: “Professor Steele would accept neitheney nor honour for what he
considered a duty to his countri/®

18 A. Hardman-Knight, R. BDenison,A Tribute to a Great Scientist: Bertram Dillon S&€1935). On
9.

1891 gr (grain) = 64.79891 mg (source: Bureau Intéonal des Poids et Mesures)

190 A Hardman-Knight, R. BDenison,A Tribute to a Great Scientist: Bertram Dillon S&€1935). On
14.
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Steele’s devotion to Britain led him to produceeavimustard gas, which was not used
in the battlefields because the war ended in thannt@me. However, the “awful
deadliness” of the new gas was tragically demotestrby the instant death of two men
who were passing the factory in a small rowing bd#t Hitler ever breaks his
undertaking no to use poison gas and Britain isddrto retaliate, then the whole
German nation will be shaken to its foundationghmy deadly effect of that gas which
Professor Steele was producing at the close afribat war of 1914-8%*

Before his departure to help Britain to win the watreele was able to give birth to a
long nurtured idea whose implementation provedraateling task involving numerous
journeys to Sidney looking for funding. This wa® tbreation of the first school of
applied science in Australia, which opened in 1@h8 whose mission was to train
industrial students as technical industrial experts

Steele made also a decisive contribution to theliemtion of the prickly pear, an
infestant species of cactus in Australia. Thereasecure information on exactly how
the prickly pear was introduced in Australia froomérica. It seems that is was first
used as a garden plant. Having been able to becapidly acclimatised, it could rely
on the inexistence of natural enemies and on thalymlitical negligence to spread at
an alarming rate. By 1925, it was completely outcohtrol, claiming 25 million
hectares (60 million acres) and spreading at tteeafahalf a million hectares a year.
Extensive chemical and mechanical treatments pnegr@ere implemented but nothing
seemed to be able to hold its progress. Many paopie forced to abandon their lands.
The solution was biological control, using cactshk caterpillars Qactoblastis
cactorun). The first liberations of cactoblastis were madel926, after extensive
laboratory testing to ensure they would not mowue imther plant species. Within six
years, the problem was solved, becoming the worthst spectacular example of
successful weed biological control.

Steele was actively involved in the whole procdss.was the first chairman of the
Prickly Pear Board, which was established in 1% in 1923 was invited to act as
chairman of the Royal Commission on prickly peare Hlso supervised the
experimental station at Dulacca, where the firghateal insects brought to Queensland

were nursed. Steele travelled over 8,000 miles edr{nfested country with his

91 Hardman-Knight, A., Denison, R. BA Tribute to a Great Scientist: Bertram Dillon &l (1935).
On 14.
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committee to write a report for the Government. igveuggestion in his report was
made an act of Parliament within two and a half thenSteele never accepted to be
paid a sum larger than his own modest salary asfag3or.

In 1927, Steele suffered a cerebral haemorrhagenaady two years of severe illness
followed, from which Steele never fully recoveréhe cannot fail to make notice that
it was on his return to the professorial activithhich was only made possible “with the
help of his loyal staff”, that his work on the higks of boron was realized and that this
must have some meaning about the importance Stagleuted to this work.

Steele’s fragile health condition finally dictatb forced resignation shortly after, in
1931. He died on April 12 1934.

In 1930, Steele and Mills reported their own newthuod for producing BHio (and
probably BHg and BHjg) from aluminium or cerium boride. Apparently, theyl not
use Stock’s High-Vacuum Technique. Cerium boride sitane free and, consequently,
was exempt of purification. Both yields were lowpecially the aluminium boride one.
In addition, Steele and Mills referred that, in 19Hoffmann had already reported the
synthesis of unidentified boron hydrides from comeied iron and manganese borides.
According to Stock, however, technical commerciatidles of heavy metals such as
iron, nickel and manganese were not suitable fdkimgaboron hydrides: “They either
are not decomposed by acids or else give much emga#lds than does magnesium
boride. The same is true of the products of theti@a between boron trioxide and
aluminum or cerium

Thus, the efforts made by either Stock himself pyrSteele and Mills or even those
apparently incipient by Hoffmann were doomed tdufa, in the sense that they all had
not succeeded in overcoming Stock’s extremely loeldg. Of course, this was no
coincidence, as all these efforts relied on theacif acidic agueous solutions upon the
borides, whatever their kind was. Steele and Miked phosphoric acid instead of
hydrochloric acid because it appeared to improe# tery low yields, a progress that
Stock would confirm and incorporate in his magnesioride method. However, this
represented a relatively minor advance, as theyiképt being discouraging low - an
intrinsic and inescapable consequence of usingcalicaaqueous solution to obtain the

readily hydrolysable boron hydrides.

192 A, Stock,Hydrides of Boron and SilicorfNew York: Cornell University Press, 1933). On 48
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Thus, a major breakthrough in the production methafdthe hydrides of boron could
only be achieved through a truly independent metboe that would not use aqueous
solutions. That would be the work of Schlesinged @&urg, at the University of
Chicago. Curiously enough, as so many times irhtbry of science, that would also

be the work of chance.

4.2 —The Pungent Smell of Failure

In 1931, Hermann Irving Schlesinger and Anton BelBugg, from the George Herbert
Jones Laboratory of the University of Chicago, amed an entirely new and much
more effective method for producing diborane. Thes the fortuitous result of Anton
Burg’s work for his Ph. D. thesis under Schlesirgyesupervision. In an attempt to
produce pure boron from boron trichloride and hgémin an electric arc, diborane was
detected. Two decades later, Schlesinger’'s memt¢iadhis episode in his 1951 Edgar
Fahs Smith Memorial Lecture would be reported dsvis: “The hypothesis which led
to the selection of this method was soon shownetonborrect, but demonstrated the
importance of having a hypothesis even if it lgg@ved to be wrong as several of theirs
did."*3

Hermann Irving Schlesinger was born in 1882 on ©etoll, in Milwaukee,
Wisconsin, having moved to Chicago with his fana@itythe age of six. The first studies
were completed at a private grammar school thatbeseh established by the German-
American community. It was in high school that ®sihiger made an early and firm
decision upon his future career in chemistry. Mus the result of young Schlesinger’'s
tutelage by Charles Elijah Linebarger, a remarkagience teacher that managed to
keep researching and publishing despite his heamyes as chemistry and physics
teachet®,

193 N/A , Chemical and Engineering Ney&9 (13) (March 26, 1951).

194 Charles Elijah Linebarger became Chairman of thie&@jo Section of the American Chemical Society
in 1899, a position that would be held by Schlesingp 1930. This must have been a remarkable
achievement for a high school teacher, as all ttieerochairmen held an academic position or a
professional association to chemical industry.
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In 1900, Schlesinger initiated his study of chergist the University of Chicago, where
he attended classes held by John Ulric Nef, Alegar&mith, Julius Stieglitz, Albert
Michelson and Robert Millikan. After a brilliant ggression as undergraduate student,
Schlesinger completed his Ph. D. thesis underiieatation of Julius Stieglitz in 1905.
That very same year he travelled to Germany, tod@eyear with Nernst, in Berlin,
where he attended the lecture courses deliverdehiolyFischer, Van't Hoff and Planck.
At that time, Stock was in Berlin too, but no ewide was found that the two men ever
met each other then.

In August of 1906, Schlesinger left Berlin to womn the diazotization of
dichlorostilbene with Thiele, at Strasburg. He reéd to the United States in February
of 1907 to join Abel, one of the world’s leadingygiological chemists, at Johns
Hopkins University. There, Schlesinger worked o@ idolation of the toxic principle of
Amanitas phalloidesa deadly poisonous mushroom, commonly known edehth cap
and involved in most human deaths from mushrooragrong.

At this point, an invitation by Nef to return toethchemistry department of the
University of Chicago led Schlesinger to an unexgp@career change. Since he had no
prior experience in inorganic chemistry and was doeteach general chemistry,
Schlesinger proceeded to fill that gap in his trnby researching in inorganic
chemistry.

For more than 20 years, Schlesinger published\ariaty of subjects: pioneer work on
the application of absorption spectra to inorgacihemistry; the conductivities of
electrolytes in formic acid as a solvent (which tedan appointment as cooperating
expert to the International Critical Tables); deteration of the structure and properties
of the complex compounds of chromium, iron, colait platinum; studies on the
manganates, permanganates and inorganic sulphyoocoms.

At the time Schlesinger turned his attention to hiydrides of boron, in 1929, he was
already a highly reputed expert in inorganic chémiwhose career had covered with
notorious success a variety of distinct fields. &monymous faculty member at the
University of Chicago once said that Schlesingeulatopick out an error in an
experiment he had never seen, much less done,Hatfra mile away.

According to Schlesinger's statements in his Edgahs Smith Memorial Lecture
(1951), the main reason for his entrance in theidrydrides field was the fact that
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“their formulas did not fit any of the theories afbdhe nature of chemical bonds® It
has also been reported that Schlesinger was ietlidyy the apparent link between
organic and inorganic chemistries suggested by k&owork on the hydrides of
boron®°,

Schlesinger was joined by Anton Burg in 1930. Boiagl graduated from the chemistry
department of the University of Chicago and was iogniback to the University after
taking an industrial position. Burg’'s personal dues the understanding of bonding in
boron compounds probably had its origins in 1927envhe attended a lecture by Lewis
at the University of Chicago: "He said that nobaoaglerstood the boron hydrides well”,
Burg would later recall.

Born on October 18, 1904, in Dallas City, lllinoB&rg wasthe grandson of a German
immigrant who had made a fortune building carriag&8liam Lipscomb described
him as the first American-born, American educaterbbh chemist®” While studying at
the University of Chicago (B.S., 1927, Ph.D., 193uJrg was also a world-class high
jumper, five times winner of the U.S. national clpaomship and barely missing the
qualification for the 1928 Olympi¢¥. Burg would become known both for his athletic
eccentricities™ and for being a very precise and meticulous chemith a special
ability to make “astute observations in ordinarpesments revealing unexpected new

chemistry?®. Burg was also an excellent glass blower, a sighly recommended in

1% The other reason was Schlesinger's perception thetstudy of compounds in which hydrogen
behaved as if it were a negative constituent of mmmds had been neglected. N/Bhemical and
Engineering News9 (13) (March 26, 1951), 1202 - 1203.

1% «An American Contemporary...Herman I. Schlesing@tiem. Eng. New&7 (8) (1949). On 496.

7W. Lipscomb, In Memory of Anton Burg.
Available at http://chem.usc.edu/dept/IN_MEMORY.PDF

1910 1926, and being “only” 5'11" tall (1,80m), Bgrcleared 6'6 1/4" (1,99m), one quarter-inch higher
than the winning mark in the 1924 Olympics.

199 Burg never walked upstairs. He ran, taking twairfor even five steps at a time. Coming down, he
would take six or eight at a time. Burg's agilitypuld become legendary when, on one occasionjrine f
department wanted to close down Burg’s chemistbs lat the University of Southern California for
security reasons. Those labs were located on tbendefloor of some World War Il prefabricated
structures and lacked fire escapes. To prove ttee[Départment inspectors that people could stittlga
get out of there, Burg “agilely leapt out the setstory window, landing on the pavement like a cat”
Burg's bicycle became his brand. He never bougtdraa true eccentricity by American standards, and
his ability to go anywhere on his bike did makeirmapact on people. At the age of 90, Burg still ubéd
bicycle to go to his lab to run personally his expents.

20w, Lipscomb, “In Memory of Anton Burg”. Availablat
http://chem.usc.edu/dept/IN_ MEMORY.PDF.
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that time for those who wanted to use Stock’s Higltuum Technique, which he
mastered with great imaginatiéH.

Schlesinger and Burg’s debut in the chemistry ef lilgdrides of boron can be read as
having multiple historical significances. While abituting another unexpected break in
the German monopoly of the experimental masterinip® hydrides, it also marks the
first appearance of the hydrides in America. A spadar one, it may be said, as its
practical relevance resided in the incredibly higyields that the new method was able
to render (55%), when compared with the ones Stackto deal with (3%).

Schlesinger and Burg’s intention of seizing thewnmethod to break such restrictive
scenario was clearly stated in the first paragraghtbeir paper. While acknowledging
the “unusually ingenious and careful way” by whigkock and his co-workers had
investigated the hydrides of boron, they were alsare that these “evidently deserve
much further experimental study”. However, Stogitor yields in the production of

the hydrides severely hampered systematic invegiiga

The main obstacle to the advance of knowledge @$dhsubstances has been the
great difficulty and expense of preparing them uamtities sufficiently large for
thorough study. Stock’s preparation method, whatsists in the reaction between
an acid in aqueous solution and an alloy of boseems to be inherently inefficient
because the presence of water excludes the pdgsitfil obtaining the instantly
hydrolyzable diborane. The yields at best are @%y and the process must be
operated so slowly that a month of tedious wortetpuired for the production of a

few grams of a mixture of several hydrid&s.

Schlesinger and Burg’'s explicit intention was thienovercome this situation and
establish a new production rate that could sugtaammore intensive and comprehensive

investigation program of such demanding compounds:

In order to render this field of chemistry more essible to experiment, we have

developed a comparatively efficient new method mparing diborane. [...] we

%1 Simon H. Bauer. Private Communication.
2924 |. Schlesinger, A. B. Burg, “Hydrides of BordnAn Efficient New Method of Preparing

Diborane; New Reactions for Preparing Bromo-Diberand the Stabler Pentaboranglg, J. Am.
Chem. So¢53(12) (1931). On 4321.
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believe that the new method solves the problembtdining diborane in quantities

suitable for long series of experimental wotk.

The new method consisted in the reduction of gasdmron trichloride (BG) by
hydrogen in an electric discharge at low presstine. volatile products of this reaction
were large yields of monochlorodiboraneKBCl), hydrogen chloride (HCI) and small
quantities of diborane. BisCl could not be separated by any contemporary physi
means from the large parcel of B@hat went unchanged through the electric discharge
(three-quarters, under the most favourable condijio

The hydrogen chloride and the small quantity obdime (3% to 5%) directly produced
by the discharge were separated from £8Id BHsCI by distillation. These remaining
compounds were then warmed up to 0 °C, inducindgatier’s decomposition according

to the equation (already observed by Stock in 1914)

6B,HsCl = 5B,Hs + 2BCb.

The diborane thus produced was then distilled off aasily purified by fractional
condensation.

A perception of the yields the new method was ableender can be learned through
Schlesinger and Burg’s detailed description of oh¢heir experiments: 17.8 litres of
BCI; (gaseous state, at 0° C and 760 mm. pressuredaudesl to the hydrogen steam at
-43 °C and passed through a 15,000 V dischargetana@a by a 250 VA transformer,
at 9 mm. total pressure. This led to the formatdi4.06 litres of HCI, corresponding
to the destruction of 4.69 litres of BCIL50 cc. of diborane was directly produced and
isolated in 90% purity by repeated fractional carsdion through a U-tube at -140 °C.
The resulting mixture of BGland BHsCl was then freed from HCI and warmed up to O
°C during 4 hours, resulting in 700 cc. of neanyegdiborane that was isolated through
distillation. The residue was allowed to stand &COand a further 450 cc. of diborane
was produced until the vapour pressure of the wesithd fallen to 500 mm (at 0 °C),
which rendered thermal decomposition impracticable.

234 |. Schlesinger, A. B. Burg, “Hydrides of BordnAn Efficient New Method of Preparing
Diborane; New Reactions for Preparing Bromo-Diberand the Stabler Pentaboranglg, J. Am.
Chem. So¢53(12) (1931). On 4321.
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Hence, after 16.5 hours of operation, the experingided a total of 1300 cc. of pure
diborane, corresponding to the destruction of di68s of BCk, 55% of its initial
amount (4.69 litres destructed by the electriclthsge).

To carry the reduction of gaseous boron trichlor{8€l;) by hydrogen under the
electric discharge, Schlesinger and Burg used gerexental apparatus similar to the
one that had been used by Weintraub in 1909 tchegize pure boronThe volatile
products thus obtained were further studied in @ue apparatus whose principles of
operation where similar to that developed by Stadkough with a very different
design.

Schlesinger and Burg’s entrance in the boron hgdrichemistry was hailed by Stock:
“It is gratifying to note that workers in other [aatories are beginning to enter this
field, as is evidenced by a recent paper of Samjesiand Burg.?%*

Stock acknowledged the importance of SchlesingdrBarg’s method, while revealing

that a similar method was then simultaneously undezstigation in his lab:

This method now makes,Bg more readily available. By accident, a very simila
reaction was being studied at the same time imfiter’s laboratory, viz., the effect

of a silent electric discharge upon a current ofedihydrogen and boron chloride at
decreased pressure. Our small-scale experimerisawiordinary Berthelot ozonizer

led to a qualitatively similar, but less satisfagtquantitative result®

While recognizing the superiority of the new methStbck nevertheless pointed out its
major technical shortcoming: “It seems to be mayevenient to prepare,Bs by this
short method than by the use of magnesium borideBaH1o; but it probably will be
difficult to separate the Blg completely from the equally volatile hydrogen cide
that is formed at the same tim@>

Indeed, Schlesinger and Burg’'s method had suclehaial difficulty, but this had to

do only with the small amount of diborane that waectly produced (3 to 5%):

The small quantities of diborane directly produtsdthe reaction in the discharge

always are mixed with large quantities of hydrogeroride, whose complete

24 stock, A.Hydrides of Boron and SilicoifNew York: Cornell University Press, 1933), p. vi
25 stock, A.Hydrides of Boron and SilicoifNew York: Cornell University Press, 1933), p.48.

208 A Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 52
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removal is rather difficult. We have found that gdes of diborane, from which
most of the hydrogen chloride has been removed, Ibeagompletely purified by
allowing them to stand for several months at ro@mpgerature. The hydrogen
chloride is used up, evidently by the reactiogH8+ HC| — B,HsCl + H,. The

reaction proceeds without any catalyst other tHassgor mercurg®’

The implications, thus, were restricted to timef@enance in the purification of the
small initial amount of diborane.

Since they could now easily access relatively lagiounts of diborane, Schlesinger and
Burg’s explicit ambition was to extend their succés the higher hydrides of boron by
devising new production methods that would use rdibe as the departing reactant:
“The development of a rapid and efficient methodpagparing diborane @Blg) has
made desirable the finding of efficient methodspagparing from it the less volatile
hydrides of boron3®

In fact, already in their first paper, Schlesingad Burg reported that the now readily
available diborane could be used to produce usgfidntities of the more stable
pentaboron hydride 4Blg. This discovery was a consequence of their attenipt
separate hydrogen chloride from the small amountdibbrane that was directly
produced by the electric discharge. They obserliat] twvhen heated at 120-130 °C, in
the absence of mercury, diborane containing a smantity of hydrogen chloride
produced a substance whose melting point and vap@ssure allowed identification
with BsHg by comparison with the values that had been detenby Stock and Kuss
in 1923 (an accident had prevented SchlesingerBard from a direct elementary
analysis). As Schlesinger and Burg were keen tessjrthis was an entirely new
reaction; the direct production ofsiBy from diborane had never been reported.
Moreover, it came out with yields of about 20%, e¥hithey considered sufficiently
promising: “We hope to find the conditions most deable to this reaction, as it

promises to be the means of makingiBreadily available for experiment® In fact,

27 H. I. Schlesinger, A. B. Burg, “Hydrides of Boroh. An Efficient New Method of Preparing
Diborane; New Reactions for Preparing Bromo-Diberamd the Stabler PentaborangH, J. Am.
Chem. So¢53(12) (1931). On 4323.

28 A B. Burg, H. I. Schlesinger, “Hydrides of Borofl. The Preparation of $i,;; Its Thermal
Decomposition and Reaction with Hydroged.’Am. Chem. Sq&5 (10) (1933). On 40009.

29 H. |. Schlesinger, A. B. Burg, “Hydrides of Boroh. An Efficient New Method of Preparing
Diborane; New Reactions for Preparing Bromo-Diberamd the Stabler PentaborangH$, J. Am.
Chem. So¢53(12) (1931). On 4332.

128



in their next paper, they were able to report tmprovement of the yields of this
reaction to a maximum of 33%, as a consequenceha@f tinvestigation on the
production of BH1; from diborane®*°

Contrary to the diborane andiHy cases, Burg and Schlesinger’s production methods
for BsH11 were no novelty. Stock had already reported thoelyection of “a few cubic
centimetres” of BH;; from diborane, either through slow decompositibaliborane at
room temperature (Stock’s reported decompositiamoge of six and ten months) or
through thermal decomposition of diborane at higleenperatures. However, unlike
Stock, who did not try to enhanceHB; production from diborane, which is quite
understandable in face of his poor production rédesliborane and also in face of the
pioneering character of his investigations, Burg &chlesinger were aiming at the
preparation of large quantities ofHB 1. Dissatisfied with Stock’s yields, they devised a
flow method, which allowed them the thermal decosifpon of diborane at
temperatures between 100 and 120 °C. This proeestoltbe limited to short periods of
time in order not to risk 111 own thermal decomposition but could be “repeatgaira
and again, to convert any desired fraction of fhemne into BH;; and BHyo."?**

Thus, what was new here was not the complex thedeedmposition phenomena of
diborane, which had already been reported and figeted by Stock and his co-
workers, but the development of a new experimgmtatedure designed to build on it
and on the now readily available diborane to aahelarger scale production ofHs, ;.
This meant an empirical breakthrough on what corexBH,, investigation, as this
was, as Burg and Schlesinger put it, a “hithetttelknown substance”. In fact, Stock
had explicitly admitted that 4Bl;; production was too low to enable an extensive
investigation of its properties.

Hence, Burg and Schlesinger, unlike Stock, were abile of a much more thorough
study of BHi; physical properties and chemical behaviour. Andtisey did. For
example, by this time, contamination ogHB; samples with BHg was still posing

problems to both Stock and Schlesinger’s work: $En¢ analytical methods do not

20 A B. Burg, H. I. Schlesinger, “Hydrides of Borofl. The Preparation of $i,;: Its Thermal
Decomposition and Reaction with Hydroged.”Am. Chem. Sq&5 (10) (1933), 4009-4020.

211 A B. Burg, H. I. Schlesinger, “Hydrides of Borofl. The Preparation of $i,;: Its Thermal
Decomposition and Reaction with Hydroged’Am. Chem. Sq&5 (10) (1933). On 4012.
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permit a determination of the amount aHg in a sample of nearly pure;B...”?*? This
had led Stock and Siecke, in 1924, to a mistakdiefbie the existence of a third
pentaborane, distinct fromsBg and BH;;. Stock would still argue for the existence of
this “BsHxg” hydride in his book, in 1933, but this was reflitey Burg and Schlesinger
in that same year. Not having been able to find aemglence in support of that
assumption, and arguing that, on the contrary,r tbbservations had always been
consistent with those of Stock and Siecke for eiByl;; alone or BH;; admixed with

a large proportion of &g, Burg and Schlesinger put forward the followingncloision:

“It is reasonable to believe thatB.o” and BsH.; are identical 23

Since contemporaneous chemical methods would rotvathe detection of the
pervasive BHg in BsHj1 samples, Burg and Schlesinger turned their atterit BH;;
physical constants. They determined the vapouidesst several temperatures, having
established the value 53.0 mm at 0 °C. They alsdemao determinations of the
melting point: -123.3 °C and -123.4 °C. Burg antil&inger’s values for the vapour
tensions were in close agreement with those thdt been reported by Stock and
Pohland at low temperatures, but a significantates occurred at higher temperatures
(Stock and Pohland had reported 57mm at 0°C). thtiad, Stock values for the
melting point were markedly distinct from those agpd by Burg and Schlesinger: -
129.1 °C, -128.3 °C and -128.5 °C. Burg and Safgesiexplained these discrepancies

with the contamination of Stock’s samples witiHg:

It evident that their sample was free from tetralper but must have been
considerably contaminated withsH. This is to be expected in a sample
accumulated in a period of ten months. One of aungdes, obtained from diborane
which had stood for thirteen and one-half month®atn temperature, was analysed
by complete thermal decomposition and found to @iordbout 12% BH,. Its vapor

tension at 0°, after the most rigorous fractiomgtizas 57 mnf-*

212 A, B. Burg, H. I. Schlesinger, “Hydrides of Borot. The Preparation of #i,,: Its Thermal
Decomposition and Reaction with Hydroged” Am. Chem. So65 (10) (1933). On 4016.

23 A, B. Burg, H. I. Schlesinger, “Hydrides of Borofl. The Preparation of $i,;: Its Thermal
Decomposition and Reaction with Hydroged.’Am. Chem. Sq&5 (10) (1933). On 4010.

24 A B. Burg, H. I. Schlesinger, “Hydrides of Borofl. The Preparation of $i,;: Its Thermal
Decomposition and Reaction with Hydroged’Am. Chem. Sq&5 (10) (1933). On 4013.
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Burg and Schlesinger were able to demonstrate dpew pressure at 0°C as a very
sensitive test of the degree of contamination: “Firesence of 81y in carefully
purified pentaborane samples is indicated very Wgllthe deviation of the vapor
pressure at 0° from the value 53.0 nfii?.”

Burg and Schlesinger studied the thermal deconiposif BsH1; and found out that it
decomposed to give hydrogen, diborane, tetraboaadealmost undetectable traces of
BsHg and BoHi4. They also identified a mysterious slightly vdetsubstance whose
quantity was always too small to allow definite clusions on its composition. By the
repeated application of a flow method, they wermneatheless, able to get enough of
that substance to determine its vapour pressuzé &C: 1.2 mm. Then, since they were
unable of an analytical study of that substancey thppealed to a linear regression
curve between the number of boron atoms in eachide/dnolecule and its vapour
pressure at 24 °C to justify their identificatiohtbat substance as a new hydride, an

octaborane:

The most direct evidence for the belief that thisstance is an octaborane is derived
from the value of its vapor tension at 24°. Thegerature at which each of the of
the known hydrides of boron has a vapor tensich»fmm. may be calculated from
the vapor tension-temperature curves, and founbetaas follows: BHg, -162°;
B4H10, -90°; BHy;, -58°; BH1g, -28°; BoH14, 63°. If we plot the temperature against
the number of boron atoms in the molecule, we ab#avery regular curve whose
intercept at 24° corresponds to 8.05 + 0.10 botoms. It seems reasonable safe to

conclude that the slightly volatile substance wasetaborané®

Burg and Schlesinger’s investigations ogHB, in turn, gave rise to a new method for

preparing “useful quantities” of Bl1o, “without recourse to the less efficient procedure

involving the use of boron alloys”. This new metheds based on the reaction between
BsHi; and hydrogen: 241, + 2H, < 2B4H;10 + BoHe.

[...] the reaction of BH;; with hydrogen gives us an efficient means of priejga

tetraborane. The development of a convenient tecienfior carrying on this reaction

25 A B. Burg, H. I. Schlesinger, “Hydrides of Borofl. The Preparation of $i,;: Its Thermal
Decomposition and Reaction with Hydroged’Am. Chem. Sq&5 (10) (1933). On 4014.

28 A B. Burg, H. I. Schlesinger, “Hydrides of Borofl. The Preparation of $i,;; Its Thermal
Decomposition and Reaction with Hydroged’Am. Chem. Sq&5 (10) (1933). On 4015.
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on a large scale should make this substance caabigenore easily available than

it has been before. A flow method should be suitdbi the purpos€’’

Schlesinger and Burg were also able to improve rditeis halogenation. By sheer
analogy with the reaction 6BsCl = 5B,Hs + 2BCk, which they had proven to be a
reversible equilibrium, Schlesinger and Burg dedide study the reaction 5Bg +
2BBr; = 6B;HsBr. Having discovered that in this case the equilin was even more
favourable to the formation of the halogen deriwatithey concluded that this reaction
was “a convenient and efficient means of prepabramodiborane” and that this type
of reactions suggested the possibility of usingohdnalides to substitute hydrogen for
halogens in the higher hydrides of boron. AccordiogSchlesinger and Burg, this
method for preparing bromodiborane presented cerdide advantage over that used
by Stock, Kusz and Priesz in 1914, since it did rexuire special apparatus for
handling bromine under vacuum conditions.

Schlesinger and Burg’s new production method wasaved by Stock and Siitterlin in
1934. They used boron bromide instead of boronriclddecause the decomposition of

bromodiborane to diborane could be more easilyditbto completion:

6 BoHsBr <» 5 BoHg + 2 BBR

This was due to two reasons: the volatility of boegon bromide BBrmade it relatively
easy to remove from the reaction mixture. Accordinghe Le Chatélier principle, if
BBr, is continuously removed from the above chemicalildgjium, the reaction will
continuously evolve to produce it and diborane,ntvally leading to the complete
transformation of BHsBr into diborane; diborane’s purification was alsore easily
achieved with bromine-containing impurities thanthwithe corresponding chlorine
compounds. This allowed improving the reactiondsalp to 80%.

However, it must be said that, by 1942, Stock'gioal method was still used with
advantage in the production of hexaborane.

The importance of the new method by SchlesingerBund) was not restricted to the
achievement of much higher production rates. It ala® a major achievement in the

simplification of the production methods as welk Already stated, Stock’s method to

27 A, B. Burg, H. I. Schlesinger, “Hydrides of Borofl. The Preparation of $i,;: Its Thermal
Decomposition and Reaction with Hydroged.’Am. Chem. Sq&5 (10) (1933). On 4010.
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prepare magnesium boride embodied a very complewfsenowledge that could be
more properly described as an art, rather then gustientific process. Schlesinger
himself described it as a “cumbersome task”.

This description of Schlesinger and Burg’'s invedigns shows very clearly that a
major characteristic of their work was their ailio departure from a fortuitous finding
to develop a fully autonomous production programictwvhin a consistent and
consequent effort, rendered for the first time pidobn rates that could sustain the
growth and expansion of boron hydride chemistryaimademic purposes.

Although Schlesinger and Burg had an autonomousearel program with
differentiated methodologies that were able to lnints Stock’s production rates and
even to correct some of his results, conclusiorts guantitative determinations, the
undeniable truth is that all of their work was e#lii built on Stock’s achievements.
They relied heavily on Stock’s investigations, nmakconstant references to it. In fact,
their references were exclusively to Stock’s wdrkat can hardly be a surprise, since at
that time, apart from Steele and Mill's brief insiom in the field, the production and
analytical investigation was circumscribed to Staokl Schlesinger’s groups.

This genetic filiation between the two groups wapeeially strong on what concerned
the experimental apparatus and techniques usedcblesihger and Burg. They did
frequent design adaptations of Stock’s basic appsiri® their momentary needs and
Burg is even to be credited for some important ricattions and additions to Stock’s
High-Vacuum Technique, namely by new designs ferftbat valves, the application of
fractionating columns and a simplified technique fi@ctional condensation, which
allowed the isolation of extremely unstable commtmfi® With these improvements,
Burg was able to isolate and determine the melpogt and vapour tension of
chlorodiborane (BHsCl), one of the compounds involved in their productmethod
for diborane and which until then could not be asetl. Even so, Schlesinger and Burg
never really departed from Stock’s inventions,eatst in the same way they departed

from Stock’s production methods.

218 A B. Burg, “The Isolation of Chlorodiborane; Somdditions to the High-vacuum Technique for
Chemical Work with Volatile Substanced.,Am. Chem. Sq&6 (3) (1934), 499-501.
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5 — The American Way

The most striking feature of Schlesinger and Burgsearch on the boron hydrides in
the first ten years is its profound commitmenthe structural problem. It is certainly
true that this issue had been Stock’s major drivarge in his investigations. However,
the fact the Stock had already made such an extemsiploratory research, allowed
Schlesinger and Burg to build on his results to enak even greater commitment to the
structural question, which had been in the oriditheir decision to enter this field.
Thus, after having introduced new and much morecéffe production methods in their
first two papers, Schlesinger and his group corepfefocused on the structural
guestion. To be rigorous, Burg and Schlesingengem with this issue is quite evident
already in their second paper, whe#B thermal decomposition and its reaction with
hydrogen, 2BH;; + 2H, & 2BsHi0 + B;Hs, prompted them to put forward an

assumption about its structure:

The thermal decomposition ofsB;; and its reaction with hydrogen are most easily
understood by supposing that the structure ofghlsstance is an open chain, whose
most probable mode of decomposition is a breaknat end. This picture accounts
very well for the reaction with hydrogen, which guzes one molecule of tetraborane
from each molecule of pentaborane used up. Thistioramay be an addition of
hydrogen to the tetraboryl and monoboryl radicatsdpced by the breakdown of the
five-atomic chain. The same assumption would accdan the formation of an
octaborane in the absence of hydrogen, under wddoditions some of the tetraboryl

radicals might unite to form eight-atomic chaffis.

There is a substantial difference in kind betwdesé statements and the subsequent
research, in the sense that the latter was entitgtled by the search for information on
the structure of the hydrides. This is not to dat there was a real change in attitude
between their third paper and the previous one&esihey were literally published one
after the other (the last page of their second p@paso the first one of their third work
on the hydrides of boron).

29 A, B. Burg, H. I. Schlesinger, “Hydrides of Borofl. The Preparation of $i,;: Its Thermal
Decomposition and Reaction with Hydroged’Am. Chem. Sq&5 (10) (1933). On 4010.
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Before beginning the description of Schlesingegsearch on diborane’s structure, it is
important to mention that Schlesinger's methodsg lihose by Stock, were a direct
product of his scientific training, and, for thaason, his only instruments to probe
diborane’s structure were those of analytical clsémyi Therefore, he could only aim at
indirect evidence from the chemical behaviour &f llydrides and their compounds and
one cannot really understand how clever and iméigsmae and Burg had to be in their
approach without “plunging” into their work.

5.1 — Not a Wild-Goose Chase

At the time Schlesinger and Burg began their retes, the empirical adequacy of
Wiberg’s theory was already forcing it as a sericasdidate to the solution of the
structural puzzle that the hydrides of boron weargasing to chemistry. However,
Schlesinger and Burg were not willing to embraceaiiice they believed that Bkvas
the fundamental structural unit of the hydridesboton. The isolation of the BH
molecule had been ruled out by Stock, but theyeleli that it was not due to any
fundamental impossibility in its existence but etho an experimental incapacity to
prevent its great tendency to dimerization. Thegoadingly devised an ambitious
research program that was intended to bring sogi¢ ¢&in the conditions under which
diborane, supposed to be a dimer of ;BiMould break its boron-boron link or,
inversely, what would make molecules of the type;BXaggregate. More succinctly,
Schlesinger and Burg were aimed at studying thalgyaof the boron-boron bond and
wanted to establish the transitory existence o§.BBf course, this would be a powerful
argument against Wiberg's ideas.

The first paragraph of Burg and Schlesinger’s tpager (1933) is very informative:

Linkages between boron atoms seldom occur in comgieof boron with elements
other than hydrogen. A striking contrast to thisigiion is presented by the boron
hydrides, in all of which the boron atoms are lilkegether. The tendency for such

linking is so strong that monoborine (BHseems incapable of existence and the
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simplest hydride is diborane {B¢), a circumstance not easily explained by any

generally acceptable theory of valefie.

These statements show very clearly that Burg amdeSioger assumed that the boron
atoms were linked together in all boron hydridesic& this assumption was not
justified (they did not refer the reader to anyhsdcscussion either), one can conclude
that this was by then a generalized assumptionsdlsgatements also show that they
regarded monoborine (BH as the expectable fundamental structural unit tfer
hydrides, an implicit dismissal of Wiberg’s theory.

In fact, two years later, Schlesinger would make #xplicit: “Although diborane has
an atomic arrangement similar to that of ethaneshasv by x-ray data taken at low
temperatures. 2%

Here Schlesinger makes an explicit reference to Xheay diffraction study of
crystallized diborane made by Mark and Pohland925] declaring it as his empirical
substantiation for an ethane-like structure of thine. This was an explicit dismissal of
Wiberg's theory.

In their first paper, in 1931, Schlesinger and Bloagl already stated that “[...] their [the
hydrides] formulas [...] seem not to be explaingdainy widely applicable theory of
valence and molecular structuré® In 1933, they repeated their evaluation of the
situation: “...a circumstance not easily explaibgdany generally acceptable theory of
valence®®, Schlesinger and Burg were not willing to giveaigeneral solution to the
chemical bond. In particular, this constitutes expévidence that, at that time, they did
not endorse the one-electron bond theory. It maso alonstitute evidence that
Schlesinger and Burg criticized Pauling’s one-etattoond for its suspicious lack of
applicability beyond boron hydrides.

Besides the inexistence of BHh a stable form, Schlesinger and Burg were alszied

by the strange behaviour of diborane towards halaiien, reported by Stock, Kusz and

220 A, B. Burg, H. I. Schlesinger, “Hydrides of Bordh. Dimethoxyborine”,J. Am. Chem. Sq&5 (10)
(1933). On 4020.

22LH. 1. Schlesinger, A. O. Walker, “Hydrides of BardV. The Methyl Derivatives of Diboranel, Am.
Chem. Soc57 (4) (1935). On 621.

222 4. |. Schlesinger, A. B. Burg, “Hydrides of Boroh. An Efficient New Method of Preparing
Diborane; New Reactions for Preparing Bromo-Diberamd the Stabler PentaborangH$, J. Am.
Chem. So¢53(12) (1931). On 4321.

22 A, B. Burg, H. I. Schlesinger, “Hydrides of Bordil. Dimethoxyborine”,J. Am. Chem. Sq&5 (10)
(1933). On 4020.
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Priesz in 1914 and Stock and Pohland in 1926: “@ulisn of halogens for hydrogen
in diborane leads to compounds of the typeldX and possibly BH.X,, but further
substitution leads only to the boron trihalid&®

The only explanation for this behaviour would baifferent kind of stability in the B-B
bond, as compared to the C-C bond in carbon hysiriBeirg and Schlesinger were
willing to elucidate why this was so and tried euheir analytical approach to reach

some conclusions:

It is thus of considerable interest to prepare compls of the types HBRH,BR,
HBX,, and HBX, in the hope that a compound showing a tendetowyard
association by boron linkages may be obtained. Sualork might lead to a better

understanding of the factors which stabilize theohdo boron bond®

In an attempt to implement this line of researcheyt were able to prepare
dimethoxyborine, (CgD),BH, from the reaction of diborane with methyl alobh
Aside from the study of its physical properties @sddecomposition equilibrium, Burg
and Schlesinger’s results were somewhat disappgintDimethoxyborine shows no
tendency toward association, beyond that common nmtost volatile oxygen
compounds #°

In 1935, Schlesinger and Walker came up with sedbffit kind of approach to the same
strategy. For the first time, Schlesinger made gli@t reference to the discussion on
the structure of the hydrides, in the form of atfoote reference to the contributions of
Eastman (1922), Robinson (1922), Main Smith (193t)gden (1927), Wiberg (1928),
Sidgwick (1927), Pauling and Mulliken. This was fivet time that Schlesinger made a
direct reference to Wiberg. Lewis’ contribution wag mentioned at all.

While disclosing their preference for the one-el@ttbond solution, Schlesinger and
Walker were not able to justify it. On the contratiyey argued that no theory had a

solid empirical basis:

224 A, B. Burg, H. I. Schlesinger, “Hydrides of Bordii. Dimethoxyborine”,J. Am. Chem. Sq&5 (10)
(1933). On 4020.

25 A B. Burg, H. I. Schlesinger, “Hydrides of Bordti. Dimethoxyborine”,J. Am. Chem. Sq&5 (10)
(1933). On 4020.

226 A B. Burg, H. I. Schlesinger, “Hydrides of Bordtl. Dimethoxyborine”,J. Am. Chem. Sq&5 (10)
(1933). On 4025.
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Many suggestions have been made concerning thetigtewof diborane, although all
of these lack the support of an adequate experahéaisis, those assuming some
type of single electron bond between boron and dgein seem at present most

satisfactory as working hypothe<és.

In this statement, Schlesinger and Walker made oiear that they were not endorsing
any particular account of the one-electron bondepty but that they rather opted by an
instrumental approach to the concept itself. Ofrseuthe fact that they chose the one-
electron bond gives away a subjective preferencéhtt concept. Thus, this statement
also shows how cautious Schlesinger and his groape vdetermined to be. The
hydrides of boron constituted a truly dangerouseuifield.

Still, they were forced to distance themselves frbtualliken’'s version of the one-
electron bond, because of his failed anticipatibra gparamagnetic behaviour for the
hydrides. While revealing that their own prelimipamvestigations contradicted
Mulliken’s conclusions, Schlesinger and Walker wabde to sustain the one-electron
concept by distrusting the certainty of Mullikertlseoretical argumentation for his
conclusions.

Schlesinger and Walker’s strategy to use the oeetrein bond concept as a working
hypothesis to refine Schlesinger and Burg’'s previose of substitution derivatives of
diborane was as simple as brilliant. While the t&® one-electron bonds in diborane
would not necessarily have to be in a particulaB Hond but rather could resonate
among all the six existing B-H bonds, this would be possible if four of the hydrogen
atoms had been substituted by other atoms or grosipse “boron compounds
containing no boron to hydrogen links had, in gaheiormulas consistent with the
ordinary present-day concepts of valeffit&"Thus, such a substitution of four of
diborane’s hydrogen atoms would force the one-elacbonds to fixed positions.

Clearly, Schlesinger and Walker were trying to “asit’ the one-electron bonds:

Should there be marked differences in propertie$ stability of the tetra and
pentamethyl derivatives, or should the latter priomapable of existence, this result

would itself have some bearing on the problem iaesgjon; further detailed study of

22TH. |. Schlesinger, A. O. Walker, “Hydrides of BardV. The Methyl Derivatives of DiboraneJ, Am.
Chem. So¢57 (4) (1935). On 621.

2284 |. Schlesinger, A. O. Walker, “Hydrides of BardV. The Methyl Derivatives of DiboraneJ, Am.
Chem. So¢57 (4) (1935). On 621.
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these compounds might ultimately lead to a fardoathderstanding of the nature of

the anomalous valence relations in the boron hgdffd

By analogy with the halogenation of diborane bydmonalide, used by Schlesinger and
Burg in 1931, Schlesinger and Walker were able wthylate diborane through its

reaction with boron trimethyl. The following equats express their results:

5B;Hg + 2B (CH)3 — 6B;HsCH3

2BHs + 2B (ChHg)s — 3B;H4(CHs)2
B:He + 2B (CHs)3 — 2BoH3(CHs)s
BHe + 4B (CH)3 — 3B;H2(CH3)4

In spite of their best efforts, Schlesinger and kgalnever succeeded at synthesizing
pentamethyldiborane or at detecting any tenden&pton-boron bond disruption.

For the first time, Schlesinger’s strategy gavdrit#ts, for he and Walker, by studying
the hydrolysis of these compounds, were able tav di@me important conclusions on

their structure:

Dimethyldiborane, prepared according to the reaati@ntioned, appears to have an
unsymmetrical structure in which both of the metimdups are attached to the same
boron atom, for, when hydrolyzed, it yields one nodlboric acid, one mol of
dimethylboric acid and four mols of hydrogen. le thimethyl derivative, two of the
methyl groups are shown to be attached to oneeobtiron atoms and the third to
the other, for hydrolysis yields no boric acid and one mol of dimethylboric acid.
Tetramethyldiborane yields two mols of dimethyllcocid and hence has a

symmetrical structuré>°

In conjunction with the inexistence of pentametiiyddane, this was interpreted as a
corroboration of Stock’s conclusion that each baaitom in diborane always had to be
attached to, at least, one hydrogen atom. Othenthisee would be no apparent reason
for the inexistence of either pentamethyldiborang an unsymmetrical

tetramethyldiborane or even a totally unsymmetrigaiethyldiborane.

2294 |. Schlesinger, A. O. Walker, “Hydrides of BardV. The Methyl Derivatives of DiboraneJ, Am.
Chem. So¢57 (4) (1935). On 622.

2304 |1. Schlesinger, A. O. Walker, “Hydrides of BardV. The Methyl Derivatives of DiboraneJ, Am.
Chem. So¢57 (4) (1935). On 622.
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Of course, these were not conclusions on the simiaif diborane itself but they had

rather important bearings on it as well:

It appears that the boron-boron linkage in complsuof this type can exist only

when each boron atom is also attached to at lesshgdrogen atom. More broadly
stated, this observation lends support to the ue@ntioned in the introductory

paragraph that (at any moment) two of the hydragems in diborane are held by a
type of bond different from that which holds th@etfour hydrogen atonfs

According to H. J. Emeléus, Stock expressed thesamclusiof

The reference to their introductory paragraph sholat Schlesinger and Walker
interpreted these results as corroborative of tieealectron bond concept, but one has
to keep in mind that Wiberg'’s theory also contaiaedifferent kind of bonding in two
of diborane’s hydrogen atoms. Therefore, the legity of Schlesinger and Walker's
conclusions cannot come from this investigatiomnaloThese conclusions can only
make sense in a pre-existent framework of rejectioViberg’s theory.

Moreover, Schlesinger and Walker were forced tonawitable additional assumption
to explain the inexistence of pentamethyldiborditemust be admitted, however, that
substitution of four methyl groups for four hydrogatoms in diborane may so alter the
character of the molecule as to prevent furthesstution.”*®

So, to conciliate their results with the applicatmf the one-electron bond concept to an
ethane-like structure for diborane, Schlesinger\Afatker were forced to acknowledge
that diborane was different from ethane in thatghbstitution of four of its hydrogen
atoms would necessarily change the molecule’s dgpat further substitution, very
much unlike ethane.

Schlesinger’'s next publication, co-authored by Worvitz and Burg, reported the
extension of this investigation to the ethyl angrapyl derivatives of diborane. This
was done “to determine whether increase in the cotde weight of the radical

replacing hydrogen in diborane is accompanied bykethchanges in the stability of

#3LH. 1. Schlesinger, A. O. Walker, “Hydrides of BardV. The Methyl Derivatives of Diboranel, Am.
Chem. So¢57 (4) (1935). On 622.

2324, J. Emeléus, A. J. E. Welch, “Inorganic cheryistAnnu. Rep. Prog. Chen87(1940). On 141.

2334, I. Schlesinger, A. O. Walker, “Hydrides of BordV. The Methyl Derivatives of Diboranel, Am.
Chem. So¢57 (4) (1935). On 622.
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the compounds®®* They hoped that a detected decrease in stabiligitted to a better
understanding of boron-boron bond in diborane, thet new compounds’ behaviour
was entirely similar to that of the methyl derivas of diborane.

In that same year, Schlesinger, Horvitz and Burgduthe methyl derivatives of
diborane to test Stock and Pohland’s benzene steutr BN3He, the relatively stable,
volatile compound that Stock and Pohland had sgitkd in 1926 through the rapid
heating to 200°C of the diammoniate of diborane,dalt-like substance first prepared
by Stock and Kuss in 1923. A further study of tdeguacy of the ring structure was to
be achieved through the study of the synthesishgddblysis of the methyl derivatives
of B3N3zHe.

According to Schlesinger, Horvitz and Burg, thisgristructure had been proposed by
Stock and Pohland in 1926 “on the basis of fairgnwncing but not perfectly
conclusive experiencé®. Thus, they were able to obtain one, di and trihyle
derivatives of the inorganic benzene by rapidly tinga the diammoniate of the
corresponding methyl derivatives of diborane at lt®mperatures (or a mixture of
ammonia and the methyldiborane). They found thédgi¢o be greatly improved by
using higher pressures than those reported by StodPohland.

Schlesinger, Horvitz and Burg postulated a reactichanism for the synthesis of
each methyl derivative of BlsHg and then confronted the experimental outcomes with
those expectable according to the correspondingiiadsd mechanism.

Only the reaction between ammonia and tetramethgtdne (which held no methyl
derivative of BN3Hg) held quantitative results in agreement with tipmosed reaction
mechanism. However, Schlesinger, Horvitz and Burgcribed the observed
discrepancies to side reactions, in particulaheogroduction of a non-volatile solid of
unknown composition, already reported by Stock Rakland.

Schlesinger, Horvitz and Burg then studied the blydis of the methyl derivatives of
BsN3Hg and considered that the good agreement betweeaathelated and observed
quantities of released hydrogen was corroborativallotheir assumptions: the ring
structure for BN3He, their postulated reaction mechanisms and thahykeogen freed

in the hydrolysis of the methyl derivatives ofNBHg resulted only from B-H bonds. On

234H. I. Schlesinger, L. Horvitz, A. B. Burg, “Hydid of Boron. V. The Ethyl and n-Propyl Diboranes”,
J. Am. Chem. Sq&8 (3) (1936). On 407.

235 H. |. Schlesinger, L. Horvitz, A. B. Burg, “Hydis of Boron.VI. The Action of Ammonia on the
Methyl Diboranes”J. Am. Chem. Sq&8 (3) (1936). On 409.
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that basis, they concluded that the methyl radieadse only linked to boron atoms in
BsN3Hg. The empirical outcome of their investigation whs synthesis of the new
compound dimethylaminoborine (GBNH,, a product formed in small amounts in
the reaction between ammonia and the methyl dérasbf diborane, and the synthesis
and isolation of the new methyl derivatives gNBHs: CH3B3N3Hs, (CHs).BsN3sH4 and
(CHs)3B3N3sHs. As usual, its vapour densities, vapour tensifregzing points and other
physical constants were determined.

Aside its empirical achievements and being oneh@urtexample of how structural
concerns guided Schlesinger’s research, the imgaggin on the structure of;M3Hg
had no direct bearings on the structure of boradritlgs, since, due to nitrogen’s lone
pair of electrons, this was not an electron deficimolecule. However, one should
notice that Schlesinger and Burg, while endorsitaclS and Pohland’s structure for
B3N3sHe, did not say a word about Wiberg's structure fois tmolecule, which was
genetically related to his structures for the hyelsi of boron.

Burg and Schlesinger were never able to isolateédBHs), but they were successful
at discovering new compounds that resulted froroti@as of diborane with molecules
containing unshared electron pairs, and which sddmée better explained by reaction
mechanisms that implied the transitory existencBH.

This was the case of the gaseous compoundCBH produced by the reaction of

diborane with carbon monoxide:

BoHe + 2CO«+ 2BH;CO

In their study of the reverse reaction, Burg antl&inger verified that the initial rate
of decomposition of BECO at room temperature was relatively high but el@eed very
rapidly under the inhibiting effect of carbon morae; diborane’s effect being
negligible. They concluded for the existence of teteps in the reverse reaction
(2BH3CO « B,Hg + 2CO0): the first was described by the equations®Bl < BH3 +
CO and implied the transitory existence of boriReesumably, this was a rapid and
easily reversible reaction that was carried forwaydhe removal of borine through the
almost irreversible secondary reaction 2BHB,Hs, whose rate determined the initial
rate of the entire proce$¥. The inhibiting effect of carbon monoxide in theecall

3¢ This was an assumption based on the failed ateetmptStock and Kuss, in 1923, to obtain borine
through the thermal decomposition of diborane upl¥®°C. In fact, Burg and Schlesinger’'s only
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reaction would be explained by its effect in reuggghe first reaction, diminishing the
borine available to form diborane.

Due to the speculative nature of their reasoningrgBand Schlesinger proceeded to
complement it with more compelling evidence for th@nsitory existence of borine
based on the displacement effect of trimethylanom&H;CO, which produced the new

compound borine trimethylammine (gsNBHs:

BHsCO + (CHy)sN — (CHg)sNBHs+ CO

In Burg and Schlesinger’'s opinions, these reactismgported the assumption of a
borine carbonyl structure for BBO. Whether it was the carbon atom or the oxygen
atom that was actually linked to boron it did nedlty matter to them.

These investigations gave birth to a whole researogram on the behaviour of the
alkyl diboranes and some of the higher boranes w#lon monoxide and with
trimethylamine. In addition, they also searched ¢ompounds, other than carbon
monoxide and trimethylamine, which might unite witbrine, because “these lines of
work should lead to a better understanding of thieine of the boron hydrides and of
the numerous “addition compounds” which they seeivet capable of forming?®’
Trimethylamine-borine (CkJsNBH;3 could also be obtained from the reaction of the
higher boranes with trimethylamine.sH reacted with it to give the compound
BsHo-2N(CH;g), which when heated gave trimethylamine-borine ‘artder products not
yet characterized®® Tetraborane and sBl;; reacted with trimethylamine to yield
impure samples of trimethylamine-borine and a nolatle solid residue. These were
inconclusive preliminary results, but Schlesinged 8urg believed that these reactions
could lead to important structural results: “Thesactions deserve further, more highly
detailed study, since they may be helpful in elatity the structure of the higher
hydrides.?3°

evidence that the reaction was reversible at allved from their proposed reaction mechanism far th
formation of BHCO from diborane and carbon monoxide.

237 A, B. Burg, H. I. Schlesinger, “Hydrides of Borowll. Evidence of the Transitory Existence of
Borine (BH): Borine Carbonyl and Borine Trimethylamming?,Am. Chem. Sq&9 (5) (1937). On 781.

238 1. 1. Schlesinger, A. B. Burg, “Recent Developngeintthe Chemistry of the Boron Hydride€hem.
Rev, 31 (1) (1942). On 16.

294, 1. Schlesinger, A. B. Burg, “Recent Developngeintthe Chemistry of the Boron Hydride€hem.
Rev, 31 (1) (1942). On 16.
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The existence of borine, however transitory, wosttbn be used to legitimize the
assignment of a particular structure to the vaatibmpound BH;N, which had been
obtained in small quantities in the preparatiortritforine triamine (BNsHg) from the
direct action of diborane upon the diammoniaseld@NH:>*°. In the discussion on the
“conceivable structures” for Bl;N, Schlesinger, David Ritter and Burg considereat th
only two hypotheses were consistent with somesoplitysical and chemical properties:
an amine of diborane,BsNH,, or a structure involving a B-N-B skeleton. Thesffi
structure was rejected becausgHpN only took one molecule of ammonia, while all
derivatives of diborane took up two molecules ofraonia per molecule of diborane
derivative to form stable compounds. Thus, only struictures with a B-N-B skeleton
were possible: BENHBH; and BHNH.BHs;. One must notice that, since both
remaining structures implicitly assumed that dilneraplit into two borine molecules,
the previous results on the transitory existencbasine were a strong co-adjuvant for
the rejection of the B1sNH, solution.

The structure BENHBH3; was rejected, mainly becauseHBN could only take one
molecule of NH but also because this structure required additiassumptions about
its electronic distribution that were unjustifieg &ny of the BH,N chemical properties.
Thus, only one structure remained fosHBN, which was BHNH;BH3. Schlesinger,

Ritter and Burg proposed the following electronitisture for it:

HHH
ii:f@f:‘B':E

This structure, they argued, explained in a sttéogivard way the addition of one and
only one molecule of ammonia tgH;N as an addition to the “unsatisfied” boron with
only two B-H bonds. Schlesinger, Ritter and Burgtified the presence of this boron
atom with only six bonding electrons in the molecwith the common existence of
compounds, such as BMBCl; or BR, in which the boron atom only had six bonding
electrons too and which, like,B;N, were able to take up only one molecule of

ammonia. These compounds were also capable of @ddimethylamine in the same

2404 . Schlesinger, D. M. Ritter, A. B. Burg, “Hyides of Boron. X. The Preparation and Preliminary
Study of the New Compound,B;N", J. Am. Chem. Sq&0 (10) (1938), 2297-2300.

144



ratio as BH;N did. On the other hand, the authors argueti;B should have a BH
group as well, since when the addition compoupld;B-N(CHzs); was heated with an
excess of the amine, borine trimethylammine sBKICHs3); was produced, a
characteristic reaction of compounds containing lds Byroup. Further chemical
evidence was put forward to strengthen their vi@msthe structure of the ;B7N

compound:

Its stability is characteristic of compounds comitag a B-N-B pattern of linking,
rather than of those containing B-B bonds; the B-Nkeleton explains why the

compound, when heated, gives good yields H:Blg, a substance containing the

H
B
BN \NH
|
HB, BH
N/
H

ring; its rapid hydrolysis in acid solution to gifige volumes of hydrogen suggests

the existence of five B-H bond%:

Further legitimacy for the hypothesis of Blds the fundamental structural unit of
diborane was claimed in 1939 by Schlesinger, Flaahid Burg, as a result of the
successful synthesis of a symmetrical isomer ofetliyldiborane: “The success of this
search was a direct consequence of the hypothieatstihe molecular group BH
(borine) plays an important role in many of thectems of diborane; the usefulness of
this hypothesis is thus further demonstratéd.”

One may notice that the authors were cautious dntuglaim the demonstration of the
usefulness of the hypothesis rather than the hgsathtself.

This investigation was a continuation of the prergiovork on the methyl derivatives of
diborane by Schlesinger and Walker in 1935 andcherethyl and n-propyl diboranes by
Schlesinger, Horvitz and Burg in 1936. These ingasibns had failed at substituting
more than four of diborane’s hydrogen atoms by gletithyl or propyl radicals. They
had also failed at the synthesis of the symmetismahers of di- methyl, ethyl or propyl

diborane, leading the authors to the present iilga&in on the synthesis of the

2414 |I. Schlesinger, D. M. Ritter, A. B. Burg, “Hyides of Boron. X. The Preparation and Preliminary
Study of the New Compound,B;N", J. Am. Chem. Sq&0 (10) (1938). On 2299.

242 1. Schlesinger, N. W. Flodin, A. B. Burg, “Hydes of Boron. XIl. Symmetrical Dimethyldiborane
and the Methyl Derivatives of Borine Trimethylamiind. Am. Chem. Sqé1 (5) (1939). On 1078.
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symmetrical isomer of dimethyldiborane ¢BiH,BH,CHjz. This formula could equally
be accounted for either by the one-electron ethi&restructure or by Wiberg's theory.
Thus, it was not the synthesis of the compoundfiteat gave birth to the authors’
claim, but rather the way they did it, since thacte®ns they had designed to that
purpose explicitly assumed that Bfdinctioned as the basic structural unit of diberan
The intention was to find a reagent X that woulthoge a borine group from mono
methyl diborane, leaving the resultant methylbofmee to form the symmetrical isomer

of dimethyldiborane by subsequent direct associatio

2CHsBH:BH3 + 2X — 2BH3X + 2BH,CH;3

2BH,CH3z; — CH;BH,BH2CH3

Dimethyl ether proved to be a good choice to pley/reagent X role and Schlesinger,
Flodin and Burg were able to achieve their iniggaal by conducting the reaction

2CHsBH,BH3 + 2(CHs)20 <> 2BHg(CHs),0 + CHBHzBH,CH;

They also tried to account for the failure in détegthe presence of this symmetrical
form of dimethyldiborane a few years earlier. Tindgerved that this compound would
only take some minutes to begin decomposing istaiisymmetrical form. After three

days, decomposition into monomethyl- and trimetlinddane was detectable and after
long-standing, equilibrium would be reached withame equal volumes of these

derivatives. This was in full agreement with thesetvations held by Schlesinger and
Walker in 1935, thus proving that the instability the symmetrical isomer of

dimethyldiborane was the reason why SchlesingeVaatker had failed at detecting it

back then.

At this point of their investigations, Schlesingerd Burg could hardly claim victory

over Wiberg’'s theory. Their methyl derivatives abdasily be appropriated by both
sides of this informal debate, and in fact, Wibeid use them as further chemical
evidence for his structures. Schlesinger and Behgd instead on their work on the
existence of borine. While acknowledging that ¥ganly indirect evidence, they were
at the same time convinced that it proved thatBhg was indeed the fundamental

structural unit in the hydrides: “The formationampounds of this type [coordination

146



compounds of Bg] is of such importance in the chemical behaviodidforane, and
probably of the other boranes as well, that mosthef chemical reactions of these
substances cannot be adequately discussed wittfenence to this property:2

However, this conviction was seriously put to tegtWiberg in 1936. Schlesinger’s
response proved his resilience but in the processfiestigation became inseparable
from the electron diffraction studies made by SirkbrBauer at Pauling’s laboratory, at
the California Institute of Technology. Togethdrey formed a formidable opposition
to Wiberg's theory and were able to annihilate anreasing tendency to accept
Wiberg’s structures as the solution to the puZkteyether, Schlesinger, Burg and Bauer
can be properly termed the American stronghold mbéthane’s (as the ethane-like

structure was commonly denominated).

5.2 - Going Physical

Since Stock’s argumentation for a salt-like natofethe ammonia compound of
diborane, Wiberg’s theory had been regarded byybwely as a serious candidate to the
solution of the structural problem, even by tho$®wpposed it: “The structure obiBs

is a perpetual puzzle, and in spite of the gregemuity displayed by numerous writers,
it appears that no completely satisfactory soluti@s yet been reached. The most
important reagent for diagnosing the structuréheftioron hydrides is ammoni&:
However, it was the publication of Wiberg’'s extefsreview of the field, in 1936, that
imparted a clear advantage to his theory, oveethane-like structure for diborane:

In the December issue of tiBerichte der Deutschen chemischen GesellscBaft

E. Wiberg reviews at considerable length the expenital evidence from which the
structure of the puzzling hydrides of boron may desluced. That considerable
difficulty has been encountered during the lastadecin formulating the electronic

structure of these compounds will be apparent filoenfact that such unsatisfactory

2434, 1. Schlesinger, A. B. Burg, “Recent Developnseintthe Chemistry of the Boron Hydride€hem.
Rev, 31 (1) (1942). On 16.

244 E. S. Hedges, W. Wardlaw, R. Whytlaw-Gray, “Inarigachemistry”,Annu. Rep. Prog. Chens1
(1934). On 109.

147



devices as singlet linkages, polyvalent hydrogecp-ardination number of five for
boron, electronic septets, even the sharing ofe€tedbns, a new but unexplained
kind of “electrostatic-electromagnetic” valency amkquality of the two boron
atoms, have all been requisitioned at various tinmesorder to find plausible
explanations of the existence of the simple comddkmown, perhaps wrongly, as
boroethane, Bg.

Recent work has thrown new light upon this problemhjch has been greatly
simplified. The author brings forward both chemiaat physical evidence to show
that, instead of ethane, one should rather regdndeme as the carbon analogue of

diborane (boroethane), since it possesses an uataticharactef’’

One should note that the author explicitly disnmsssiee one-electron bond theory
(“singlet linkages”) as one of the “unsatisfactosglutions that had been proposed.

An even more assertive judgement was put forwaatisame year: “[...] it is interesting
to recall the fact that this very problem was laiitly solved quite recently by Dr. E.
Wiberg [...]"**°

In his review, Wiberg was able to use recent retetw argue further for his theory.
Thus, in 1935, Stock, Satterlin and Kurzen usedgmtim amalgam on the hydrides
B.Hs, B4H1po and BHg to prepare their potassium salts. In each casg, fibund two
atoms of potassium per molecule of hydride in tbengosition of the salt: ¥8,Hs,
K2B4H10 and KBsHg. In 1936, Stock and Laudenklos proceeded with numtailed
analysis of these salts as well as the correspgraidium and calcium salts of diborane
(NaB2Hs and CaBHg) and tetraborane (NM&4H10). Wiberg interpreted these formulas
as corroborating the unsaturated nature of theidgslr since addition of potassium,

rather than substitution, occurred.

BHy=BH; + 2K — K* [B Hs — B Hg]K*

BH3:BH2-BH2:BH3 + 2K — K+[B_ H3— BHZ = BH2— B H3]K+

The structural formula for the addition of soditecording to Wiberg, would be

245 NJ/A, “Hydrides of Boron” Nature (February 27, 1937). On 381.

24 NJ/A, “A Theory of Atomic Structure”Nature (June 12, 1937). On 996.
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H H
Ni 5 | onas
{g /B BT\E} Na
Despite quite logical, this argument was easilynised by Schlesinger and Burg, who
contended that the addition of two alkali atomgdilyorane was equally well explained

by assuming an ethane-like structure with two deeteon bonds:

[...] he [Wiberg] explains the reaction of sodiuam@algam) with diborane as an
addition to the assumed double bond. This reactiagy equally well be interpreted

as the result of the tendency of the electroniaatiyaturated molecule

T
T T
T - o

e

to gain electrons; in either case the result wolid the saturated compound
NayB,Hs.>*

This appropriation of the same empirical facts hg two opposing theories also
occurred with the work on the methyl derivatives diborane by Schlesinger and
Walker. This work was naturally interpreted as cbarating Stock’s interpretation of a
different nature for the boron-hydrogen link in twbdiborane’s hydrogen atoms. This
interpretation, of course, could be easily appatpd by both theories, as Stock himself
stressed in his book.

Of course, Wiberg was aware of this ambiguity ia themical evidence. He even went
further, by acknowledging that chemical evidencenal did not allow solving the
problem in a definitive manner. He was fully coroad that recent investigation on the
physical properties of diborane argued for his theand he accordingly stressed the
importance of these results.

Thus, further support for the ethylenic structuf@iborane was claimed from parachor
measurements by Stock, Wiberg and Mathing in 193&ir measured value (121.9)
was in good agreement with Wiberg’s structure fHB = B — H]? H*?, i.e., with two
single parachors for 2 boron atoms (2x16.4), 4 byeln atoms (4x17.1), a double link
(23.2), and 2 electrovalencies (-2x1.6) = 121.2.

24T H, I. Schlesinger, A. B. Burg, “Hydrides of BoroKlll. The Structure of the Diammoniate of
Diborane and its Relation to the Structure of Dava”,J. Am. Chem. Sq@&0 (2) (1938). On 290.
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Wiberg also invoked ultra-violet absorption spedtadies: the unpublished results of
K. W. Hausser and A. Smakula in 1931/1932, alregaflyrred by Stock in his book, and
recent work by E. Blum and G. Herzberg, who, in @98sing samples provided by
Stock, studied the ultra-violet absorption spectrindiborane from 2200 A to about
1550 A. They obtained a continuous absorption cumse interpretation in the
context of Mulliken’s molecular orbital theory wasonclusive on what concerned the
choice between the ethane-like and the ethyleredtkuctures: “With the material at
present available it is not possible to decideriefly between the two possibilities
discussed abové*® Despite these inconclusive results, Wiberg invotte similarity
between the ultra-violet spectra of ethylene amdidine as additional data in favour of
his position.

In 1935, K. L. Ramaswamy, from the Departments en€&al Chemistry and Physics of
the Indian Institute of Science at Bangalore, regtbthe measurement of the dielectric
constant of diborane andsB;Hg. Structural concerns gave rise to this study: “The
chemistry of fluorine and boron compounds are ofsoderable interest from the
valency and structural points of view. It was tliere desired to study the electrical and
optical properties of some of these compounds abvigilin the pure gaseous stat&.”
Ramaswamy worked with samples provided by Stocka oequest by Chandrasekhara
Venkata Raman, who had received the Noble Priz&980 for the discovery and
explanation of the “Raman Effect” and was a Prafess the Indian Institute of Science
at Bangalore since 1933.

From the original 100 c.c. of diborane providedSipck, Ramaswamy had to remove
25 c.c. of incondensable gas at liquid air tempeeatdue to extensive decomposition.
A further condensable impurity, which measured &.6. when warmed to room
temperature, was removed separately.

Even so, Ramaswamy was able to calculate a nutrelelipole moment for diborane.
This result could only be taken as implying a syrrioal structure for diborane.
Further conclusions were not possible: “The absesfcan electric moment for the

diborane can only indicate that the molecule hagnametrical structure with possibly a

248 E_ Blum, G. Herzberg, “On the Ultra-Violet Absaigt Spectrum of Diborane?. Phys. Chem41
(1937). On 95.

249 K. L. Ramaswamy, “Dielectric Coefficients of Valat Compounds of Fluorine and BororPyroc.
Indian Acad. Sci2A (630) (1935). On 364.
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co-valent linkage between the two boron atoms. qhestion of exact configuration
cannot be settled without other experimental dath.”

In the BN3sHs case, the dipole moment obtained by RamaswamyOugx10'%?
This was in contradiction with the expected nullueafor such a symmetrical structure
as the benzene-like one advocated by Stock, baseskweral chemical and physical
data, namely the electron diffraction study mad&\bgrl.

However, Ramaswamy acknowledged that, despite Wdane¢asurements, the results
obtained for BN3Hs required further confirmation. Indeed, he had torkvwith a
“rather small” sample, because “an unfortunateydelataking up the investigation on
this compound caused the crystallization of a a®rsible part of the original sample
provided by Stock. Moreover,sR3Hg is a liquid at ordinary temperatures (boiling goin
is 53 °C) and the sample was vaporized before swintee measurements were taken.
Further decomposition, presumably into hydrogen,s vihen detected at steam
temperature (95.2 °C), rendering the calculated emdma very uncertain result: “On
account of the uncertainty in the values at tharmatéeemperature, the significance of the
observed moment cannot be emphasised. If the momeadsumed to be correct, it
cannot be explained by such a plane symmetrioattstre. >

According to Wiberg, the null electric dipole momefor diborane was in good
agreement with his symmetric ethylenic structure @ncontrast with an expected non-
null dipole moment for an ethane-like diborane (assg tetrahedral boron atoms),
since the coexistence of double and single eledimrds introduced an asymmetry in
the structure.

In 1934, Farkas and Sachsee published a study iohwhey tested the theoretical
treatment of diborane put forward by Mulliken in3B&>. They did so by testing
Mulliken’s prediction of a paramagnetic behavioar fliborane, using the para-ortho-

hydrogen intraconversion caused by the inhomogenetmgnetic field of paramagnetic

250 K. L. Ramaswamy, “Dielectric Coefficients of Vdlat Compounds of Fluorine and Bororroc.
Indian Acad. Scj.2A (630) (1935). On 377.

251 Ramaswamy did not include the unit he used toesethis value, but it was most probably expressed
in statC-cm.

%2 K. L. Ramaswamy, “Dielectric Coefficients of Valat Compounds of Fluorine and Bororroc.
Indian Acad. Scj.2A (630) (1935). On 376.

253, Farkas, H. Sachse®rans. Faraday Soc30 (1934), 331 — 333.
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molecules>* They concluded that, in opposition to Mulliken’segiction, the ground
level of diborane was diamagnetic: “The reactionloe#y constants and the
corresponding collision efficiencies show that thbserved conversion of para-
hydrogen cannot be caused by paramagnetismyld§: Brom the fact that at 195° K
there is no reaction at all we can definitely codel that the ground level o£Bs must
be diamagnetic®®

Farkas and Sachsse also concluded that, shoulghamaynagnetic excited state exist
above the diamagnetic ground level, its energy ddel larger than 3000 calories.
From Farkas and Sachsee’s article, it is not ptessd know whether they produced
their own diborane or they relied on sample sufiyyyan outside laboratory. They did
not refer to their hypothetical method of produstiend they did not include any note
thanking a hypothetical supply of diborane, as \ddié expected.

Farkas and Sachsse’s results were confirmed tha¢ gaar by Mulliken, who seems to
be referring to measurements by Schlesinger and.Bur

The diamagnetism of diborane was used by Wiberargoe for the superiority of his
theory over the one-electron bond ethane-like girec According to Wiberg, the latter
contained two magnetically uncompensated electamusthis would make diborane a
paramagnetic molecule. On the contrary, his stractontained only atoms with noble
gas-like electronic shells, which justified diboeasydiamagnetism.

Wiberg’s reliance on the physical methods was nasalated opinion. In 1936, Simon
H. Bauer and Pauling published an electron diffoscstudy on the stable pentaborane
BsHg in which they claimed that the debate could ordysblved by calling upon the
physical methods:

Despite the large amount of experimental and thieatevork which has been done
in this field in recent years, little progress H@sen made in assigning structural
formulas to these substances, and it seems protiadilén order for this to be done
with confidence it will be necessary to obtain mmf@ation about the structure of the

molecules by the application of physical methtfs.

54 Ortho and para-hydrogen are spin isomers of midetydrogen. In ortho-hydrogen, both nuclei have

the same spin. In para-hydrogen, the two nucleémgpposing spins.

25|, Farkas, H. Sachsee, “On the Magnetism ¢ Trans. Faraday Soc30 (1934). On 332.

265 H. Bauer, L. Pauling, “The Structure of the tBborane BHy", J. Am. Chem. Sqc58 (12) (1936).
On 2403.
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Although this statement might imply some sort oSatplinary clash with those
practicing classical analytical chemistry, like &and Schlesinger, the historical facts
tell a very different story. In fact, on a concegitplane, Stock himself was no less than

a great enthusiast of the new physical methods:

The possibilities of these optical methods (inwhgest sense of the world) are truly
miraculous. They bring us information of what isirgp on in the most remote

sections of the universe, as well as in the intesfadhe minute chemical atoms; they
disclose to us the existence of chemical compowidshort-lived that we can not
hope ever to be able to grasp and keep them; thaylee us to determine magnitudes
that at first seem to have nothing at all to dohwaiptics, as, for example, the
measurement of chemical forcgs.

Stock’s enthusiasm built on the full awarenesshefdreat impact that the new physical

methods had had upon chemistry in recent years:

Chemical research has profited particularly frora grogress of modern physics.
Spectrum analysis, the quantum and the electroari® together with “wave
mechanics”, have enabled the chemist to draw up supicture of the chemical
atom as was never dreamed of a few decades ago ivi@s considered to be a
rigid, unchangeable object. [...]

Reaction velocities, heretofore one of the leasteustood fields of chemistry, have
been opened up for study by these new ideas. AeHas expressed it, “We have
now gained a first impression of the actual natfr¢he play staged by chemical
processes while heretofore, as Schénbein put ithave known only what happens
before the curtain rises and remains when it Héenfal...]

Band spectra have enabled us to detect the trapségistence of unusual
compounds such as hydroxyl and have thus suppéiedth an explanation of many
hitherto obscure reactions. Great progress hasbasn made in our knowledge of
the special forces acting on a particle at theaserfof a substance, where, contrary
to the conditions in its interior, there is no lengthat uniform effect due to
neighboring surrounding particles. This knowledgss filluminated the once dark
and obscure fields of colloid chemistry, adsorptaienomena, contact effects and
catalysts>®

%7 Stock, A.,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 3.

28 A Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 6.
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This enthusiasm over the new methods availabledbepthe structure of matter even
led Stock to write a book on such recent achievésneyn physics. This work resulted
from a series of lectures he had been asked tweddld the chemists working at the

Farbwerken vorm. Fr. Bayer & Co, in September dfa9

When | was asked to give to the chemists at themd#svan account of the most
recent advances in chemistry | was not for a morredbubt as to the choice of a
subject, namely, the astonishing advances in oawladge of the fine structure of
matter which have been made during the last fewsye&zhiefly by the work of the

physicist a new region has here been revealed;ta @srtile country which even

now has yielded many blossoms and fruits and maore rmost promising buds, a
veritable Wonder-garden, as yet little known toromss but one which on closer
acquaintance can offer a wealth of inspiration angpyment. It is, however, by no
means easy for the chemist to wander in this gaatenpursue knowledge along its
winding paths, for the way is set about with thertis of theoretical physics and

mathematic$>®

From Stock’s words, one can learn that, althoughettseemed to be no conceptual or
disciplinary clash between classical structuralnaiséry and the new microphysics, the
latter’s theoretical and mathematical complexityldorepresent an effective barrier to
the ordinary chemist. To go over such difficulti8spck wrote an essentially qualitative
account and referred any further interest to thédgraphy.

The nature and goals of this book were well desdriby Stock when justifying its
name - Ultrastrukturchemi& “Just as Ultramicroscopy takes us beyond thellesia
particles seen in the ordinary microscope so irtrddtrukturchemie” we go beyond the
boundaries of ordinary structural chemistry int@ ttealm of the smallest building
stones of matter, and discuss the laws governiegsthucture of atoms as well as
molecules.?® Thus, Stock believed that the justification faustural chemistry had to

be found in microphysics. Samuel Sugden, the tadmsbf the English version, argued

259 A, Stock, The Structure of Aton{sondon: Methuen & Co. Ltd., 1923). Translation BySugden. On
V.

20 A Stock, The Structure of Atom&ondon: Methuen & Co. Ltd., 1923). Translation ®8ySugden. On
V.
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that this title could scarcely be translated lilgrand rendered it instead the more
innocuous title “The Structure of the Atoms”.

The translation of all this enthusiasm had a vemspccete translation into Stock’s
practice. It included numerous attempts to getcttimally useful information on the
hydrides of boron, using several different avagatlethods. Thus, one can recall the X-
ray diffraction analysis of diborane, made by Marid Pohland (one of Stock’s chief
co-worker) in 1925. Stock’s enthusiasm with thisrkves evident in the paper on the
nomenclature of the hydrides he published next,y@al926. This paper included a
detailed discussion of Mark and Pohland’s work, chihbtock used to substantiate his
decision to maintain his old vindication of a tekent boron atom in the hydrides,
although he had already been forced to acknowledgetrivalency of boron in the
hydrides as well. This work was followed by Stock@dlaboration with Wierl in 1931,
to study the structure ofsRIsHg through Wierl’s new electron diffraction methodo&k
next measured the parachor of diborane, with Wilsard Mathing, in 1936. In that
same year, Stock, with Laudenklos, also publishednork on the alkali salts of the
hydrides of boron, in which he included an X-rayffrdction analysis of these
compounds.

Therefore, in 1936, the debate was largely focusdbe physical analysis of diborane
and the situation was becoming very uneasy to trmggoorting the ethane-like
structure of diborane. However, this did not lastd, as in that same year Simon H.
Bauer published the first of a series of electrdfrattion analysis of the hydrides of
boron. Bauer’s work inflicted severe damage to Wjlseallegations, as he was able to
reverse all the physical arguments previously ctdeé by Wiberg. Moreover, for the
first time ever, Bauer claimed direct and defiretevidence for the structure of some of
the hydrides, including diborane. As will be dissed ahead, his work took place in the
context of Pauling’s extensive program of strudtarelysis by the electron diffraction
method, at the California Institute of Technology. his dismissal of Wiberg's
structures, Bauer was able to put forward very pawempirical evidence, completed
by his own theoretical discussion based on Pawdimgd) Mulliken’s quantum chemical

theories.
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5.2.1 — Just Shoot Them and Take a Picture

In 1926, Herman Mark was invited by K. H. Meyereoof the directors of the I. G.
Farbenindustrie’s, the largest chemical corporatio@ermany, to direct the company’s
research laboratory of high molecular compoundsludwigshafen. With Meyer’'s
support, Mark was able to go ahead with a numbepeavsonal projects that were
expected to result in no financial benefit for toeporation. One of those projects was a
new method to investigate molecular structurediffeaction of electrons.

In 1931, Raimund Wierl, Mark’s student, reporteck thrst experiments on the
diffraction of electrons by gas molecules. In mgaduction, Wierl acknowledged the
X-ray diffraction of crystals as the method thdtttee time, became nearest to render
direct information on the structure of individualolacules. However, Wierl also
pointed out its major shortcomings: the effecths individual molecules was screened
by the effect of the lattice and complications sastthe temperature effect, the mosaic
structure and the zero point energy, arose.

Wierl’s point on what concerned the screening eféédhe lattice, that is, the essential
error in inferring the structure of a single molectrom its crystal structure, was clearly

explained by Pauling:

Whereas the investigation of any structure wasrabig, in that a simple molecule
might interact with its neighbors in the crystakinch a way as to make the structure
complex, no such complicating effect was possibla gas. For example, Dickinson
in 1923 had found that the unit of structure of tetraiodide is a cube containing
eight molecules, with atomic positions determingdfive parameters, which he
succeeded in evaluating. But the Sniolecule is tetrahedral, with its structure
determined by a single parameter, so that one qmeldict with confidence that the
investigation of the vapor by the electron diffrantmethods would surely permit
the verification of the tetrahedral structure ane determination of the value of the

one parameter, the tin-iodine bond length withoutle?®*

This meant, for example, that Mark and Pohland&llts for crystallized diborane and

ethane could not be directly transposed to thesrpdeases.

%1 Pauling, “Herman F. Mark and the Structure af/stals”, in M. Joan Comstock (edPplymer
Science Overview — A Tribute to Herman F. MaflICS Symposium Series 175 (Washington, D.C.:
American Chemical Society, 1981). On 98.
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According to Wierl, the answer to these idiosyn@ssvas to investigate gas molecules.
Obviously, electron-diffraction was better suitedstich purpose, as X-ray diffraction of
gas samples would involve much longer incidencegsr

A fundamental advantage of electron-diffraction roXeray diffraction was that there
was little scattering from the electronic structofeatoms. The scattering was effected
primarily by the molecule’s nuclei and the methodswespecially well adapted to the
study of internuclear distances.

In his papers, Wierl discussed the structures ofiymaolecules. He made accurate
measurements of the single, double and triple bzaron distances and found that
carbon atoms in propane, butane, pentane and hexake bonds at approximately the
tetrahedral angle. Wierl was able to determine itlteratomic distances in carbon
tetrachloride. He also showed that the assumptfofiee rotation about the carbon-
carbon bond was in contradiction with his results 1,2-dibromoethane and 1,2-
dichloroethane.

In 1930, Pauling visited Mark and Wierl at Mark&bbratory in Ludwigshafen:

In 1930, when | visited Herman Mark in Ludwigshafériearned that he and his
young associate R. Wierl had constructed an apmarfar scattering a beam of
electrons from gas molecules and had determinedirttezatomic distances in
carbon tetrachloride and a number of other molechieanalysis of the diffraction
pattern. [...]

| was overwhelmed by my immediate realization o€ thignificance of this

discovery?®?

Structure determination by X-ray diffraction of st&l structures had proved to depend
on too many parameters to determine the positiéretams in the unit cell and, by
1930, the technique allowed no more than the détation of half a dozen parameters
from the X-ray photographs. According to Paulingstrendered the determination of
relatively simple structures, such asN(SQy)s, an often impossible task. Another
such example was the X-ray study made by Modllersoime crystals of BHia.
According to Stock, although this study was ablshow that two molecules of;§14

were associated in the crystals to form a doubldeoute, the large number of

%21 Pauling, “Herman F. Mark and the Structure af/stals”, in M. Joan Comstock (edPplymer
Science Overview — A Tribute to Herman F. MalCS Symposium Series 175 (Washington, D.C.;,
American Chemical Society, 1981). On 98.
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parameters to be determined prevented the calonlafithe atomic arrangement within
the unit cell from the observed diffraction ringsis problem had also frustrated the
many attempts to use X-ray diffraction in the stwdysuch structures as amino acids
and simple peptides, intimately related to the giroproblem in which Pauling was

interested.

As the impact of the significance of this discovbryst upon me | could not contain
my enthusiasm, which | expressed to Mark — my ifeethat it should be possible in
a rather short time, perhaps ten years, to obtgireat amount of information about
bond lengths and bond angles in many different mudds. | asked Mark if he and
Wierl were planning to continue with such a programnd he said that they were
not. He added that if | were interested in buildarg electron-diffraction apparatus
he would be glad to help, and in fact he gave reepthns of their apparaté®.

Although Mark is widely known as a pioneer in pobmrscience and the founding
father of this branch of chemistry in the Uniteai8s, Pauling thought of Mark also as
a pioneer in modern structural chemistry and carsd his electron-diffraction of

gases technique as his most important contribution

Back to America, Pauling initiated an ambitiousgyeon of systematic and extensive

analysis of molecules by the new electron-diffactmethod.

On my return to Pasadena in September | talked avitbw graduate student in the
California Institute of Technology, Lawrence Brockyy about this project, and he
agreed to undertake the construction of the appar@tith the help and advice of

my colleague Professor Richard M. Baddét).

According to Pauling, during the next twenty-fiveays the structures of 225 different
molecules were determined by this method at théfd@aila Institute of Technology,

involving 56 graduate students and post-doctofkdvies.

63 pauling, L., “Herman F. Mark and the StructureQsf/stals”, in M. Joan Comstock (edBplymer
Science Overview — A Tribute to Herman F. MafNCS Symposium Series 175 (Washington, D.C.:
American Chemical Society, 1981). On 99.

%4 pauling, L., “Herman F. Mark and the StructureQsf/stals”, in M. Joan Comstock (edBplymer
Science Overview — A Tribute to Herman F. MaflCS Symposium Series 175 (Washington, D.C.:
American Chemical Society, 1981). On 99.
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At that time, Pauling had already developed theclsistic approach to the X-ray
diffraction analysis of matter:

| developed what | later called the stochastic m@thThe name is drawn from the
Greek meaning “the art of divining the truth by mmture.” Really only a small
fraction of the crystals that we attacked couldsbkred in terms of their structure by
logical methods. My attitude was, why shouldn'séuhe understanding that | have
developed of the nature of crystals in inorganibssances and proceed to predict
their structures? | would predict the structure #meh | would calculate the X-ray
pattern and if it agreed with the observed patttran | felt | had the right to say
that it was the right structure. Of course, if Iravéo predict a hundred structures and
then one of them agreed roughly with the obsenadtep, it certainly could be an
accident. The period when it became possible teradgtbe complicated structures in
a straightforward way was far in the future andpeaeally didn't know how to
refine the approximate structures at that timead luinique success in predicting
structures as well as the shape and size of stalainits as well as the coordinates
of atoms all of which suggested that | was on thghtrtrack with my total
structure®®

Pauling, most naturally, employed this stochagtjgraach to Mark and Wierl’s electron
diffraction method: the experimental electron @iffition pattern was converted in an
intensity curve that was compared with the computaensity curves for those
theoretical models assumed to be in agreement alitithe known data for the
compound under study. Tedious calculations werelu@d in this process, but its major

shortcoming was its dangerous model-dependency:

The stochastic nature of the electron diffractioatment (excepting the radial
distribution method) is not always recognized. Hked agreement between the
photographs and the intensity curve for a particadadel of a molecule does not
constitute a unique determination of the struct@iher values of the configuration
parameters are possible unless they are spegffiehithinated by treatment of the
corresponding intensity curves. It is always déd@do limit the uncertainties in the
configuration parameters by testing a series ofemdhr models until definite

disagreement with the photographs is found andssrilgs is done the configuration

of the molecule has not been determined. It is esible and often necessary to

25D, Ridgway, “Interview with Linus PaulingJournal of Chemical Educatioi3 (8) (August 1976).
On 471.
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assume some of the parameter values which have Betstmined by other

methods; but assumed parameters values are notmitete by the electron

diffraction results. The assumed values are mesiebyvn to be compatible with the
results of the experiment. In this respect an itiga®r should not be satisfied with
only rough agreement between theory and experintdranges in the parameters
may lead to definite improvement in the agreememtl &ence to an actual
determination of parameter values. The report efrésults is incomplete without a
list of the various molecular models tested showidich interatomic distances or

bond angles were assumed and which were deterrffihed.

In 1935, Pauling and Brockway published a new apghnato the electron diffraction

technique, the radial distribution method, whicleytthad developed building on the
method of interpretation of X-ray data developedZeynike and Prins in 1927 for the
study of the structure of liquids and applied byri®a and Gingerich to crystals in
1934.

The radial distribution method was a non-stochastethod that led directly to the
values of the internuclear distances, within 1 86 2rror. Therefore, it was a powerful
tool that allowed risk minimization when using te®chastic method. The correct
procedure would be to use the radial distributicethad to obtain directly the relevant
internuclear distances and use these to rule éwtraictures of the molecule except
those compatible with them. This granted much egreaecurity in choosing the
structure models to be tested.

Articulation between X-ray and electron diffractiorsults proved difficult in the

beginning, but electron diffraction eventually walde to prove its superiority over x-

ray diffraction:

For three or four years after 1930 there existedeg® skepticism as to the
reliability of electron-diffraction results. Thisas due mainly to the existence of a
discrepancy of about four per cent between theegatd interatomic distances in gas
molecules reported from electron diffraction anday- studies. The skepticism
regarding electron diffraction was fostered in cles and lectures by the

investigators who had used the X-ray results whiehe wrong®’

%% 0. Brockway, “Electron Diffraction by Gas Molgles”, Reviews of Modern Physic8 (3) (1936).
On 258.

%7 R. Spurr, L. Pauling, “The Electron-diffraction Med of Determining the Structure of Gas
Molecules”,Journal of Chemical Educatiof©ctober 1941). On 459.
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Already in his comprehensive review of the field, 1936, Brockway was able to write
on some of the recent successes in structural ctgnaichieved by electron-diffraction:

The need for solving many problems in structuraérotstry really led to the

development of this field since it afforded diraciswers to some questions of long
standing. Examples of these are the configuratiohggeometric isomers, the

tetrahedral arrangement of bonds in aliphatic aaderivatives, the planar character
of the benzene ring, the angles between chemicatidon atoms of the various
elements and the more recent considerations akth&on between the internuclear
distance of chemically bonded atoms and other ptiegeof the bond, such as
electronic structure, force constant, dissociaBoergy, electric moment, etc. As a
result the experimental method has been used plyneer a means of determining

the structures of moleculé®

In 1942, Bauer had the following to say on theatality of the electron-diffraction
method:

As a tool for determinations of molecular structtite electron-diffraction method
needs no justification in this review. It appearsoe ideally suited for sufficiently
volatile compounds which are available only in dngalantities and which are not
stable for a matter of days or even hours. Thd fitractures are deduced by means
of a stochastic process; to date, all conclusia tbeen found to be in agreement
with chemical intuition, and have been repeatedigpficmed by x-ray and band-

spectral investigatiors?

The most used method to interpret diffraction patewas the so-called “visual
method”, which had been first used by Wierl. It sisted in a visual evaluation of the
intensity of the well-defined circular bands whicbnstituted the diffraction pattern
printed on the photographic plates and had an eppaorrespondence to intensity
maxima and minima. However, a detailed study of fleeception of these intensity

patterns made by Pauling and Brockway showed thagieneral, such maxima and

%8| 0. Brockway, “Electron Diffraction by Gas Molgles”, Reviews of Modern Physic8 (3) (1936).
On 233.

293, H. Bauer, “Structures and Physical Propertfeth® Hydrides of Boron and of their Derivatives”,
Chem. Rev.31(1) (1942). On 44,
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minima did not really exist. This mistaken perceptiwas the result of the limited

sensitivity of the human eye/brain system, whiat it react to absolute intensity, but
rather to the ratio between the molecular scatieand the background intensity
(coherent and incoherent atomic scattering) faargd range of background intensities.
This meant that human visual perception magniftezl dontribution of the molecular

structure to the diffraction pattern, rendering thisual method especially apt to

molecular structure determinations.

Since what was taken from the diffraction pattesmas a relative quantity, it had to be
compared with a computed relative quantity alsasTthe theoretical curve calculated
for the specific chosen model had to result from thtio between the computed
molecular scattering and the sum of the coheremhiraooherent scattering:

mol

I oon 1

coh incoh

The list and location of the computed maxima andima was then compared with
correspondent ones obtained by visual inspection tie diffraction patterns.
Quantitative comparison was achieved by calculatiregratio between the calculated
and observed angles for each of the maxima andmmainiThis proportion was then
multiplied by one specific internuclear distancdobging to those that had been
postulated to build the theoretical molecular mdokeihg tested. The same procedure
was applied to all maxima and minima in relatiorthtat specific internuclear distance.
The list of values thus obtained was then inspetedvaluate their constancy. This
procedure aimed at the visual match of the maxintanainima of the observed and the
calculated curves by shifting the calculated cual@ng theangle axis. If the values
were very nearly constant, there was a match amdeit estimate of the real value for
that specific internuclear distance was obtaineagwsraging all those nearly constant
values. An identical procedure was then appliealltother internuclear distances in the
postulated model. In the absence of such constanthe values, the postulated model
was either to suffer alterations and be testednagiabe abandoned in favour of another
type of model.

Since only the matching of specific points (maxiara minima) had been tested, an
agreement was arrived at between the observed uleland the internuclear distances

of the postulated model, but not its geometry. Areament in the geometry could as
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well be tested by a qualitative visual comparisetwieen all the features of both curves:
the intensity correlation between neighbouring geakopes, existence of shelves, etc.
Only in this case the procedure corresponded tiswalvmatch of the whole curves by
shifting the calculated curve along the angle akithere was no such agreement, one
had to try another molecular geometry with the samternuclear distances. According
to Brockway, “this criterion for the choice of a d® is very useful and represents one
of the advantages of the visual method since ftigatrnent is based chiefly on the
molecular scattering®° This brought confidence to the choice of modetse Tmplicit
assumption here was that it would be very unlikkbt two different models could have
sufficiently close resemblance to the empiricaveuEven so, there was evidence that
this had already happened in very special casesaeful judgement should be used:

Extensive experience has shown that when the cadpuitensity curve for a
specific model checks with the observed patterms itery unlikely that a totally
different model will also agree. However, each comm should be treated
individually, and safe predictions may then be madedecide whether two
configurations are sufficiently unlike. For exampleith the visual method of
interpreting electron-diffraction photographs, nafmpentane may be distinguished

from neopentane, but not readily from isopentdhe.

However, the methodological limitation of the visu@ethod was largely overtaken by
its simplicity, essential in the study of large rhars of molecules, and by its use of a
greater number of maxima and minima compared witlh ather method, which
increased the number of independent determinatibtise molecular size. This was an
important outcome because outer rings were morgitsento model changes in model
than inner rings.

The chief disadvantage of the visual method wasviiferability to subjective
measurement errors. This issue had to be handled carefully and experienced

readers of the intensity of the diffraction ringgsld be employed:

2701 . 0. Brockway, “Electron Diffraction by Gas Molgles”, Reviews of Modern Physic8 (3) (1936).
On 252.

21 3, H. Bauer, “Structures and Physical Propertfeth® Hydrides of Boron and of their Derivatives”,
Chem. Rey31(1) (1942). On 44.
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The accuracy of the visual method has been spaltyfitested by comparison of its
results on the diatomic molecules, chlorine, bramind iodine monochloride with
the results of the rotational analysis of the apon spectra of the same

compounds. The deviations in the electron diff@tinteratomic distances are +1.1,

+0.4 and -0.6 percent, respectivezzrf

5.3 — Checkmate or Perpetual Check?

Simon H. Bauer was one of Pauling students at tdéothia Institute of Technology.
Born in Lithuania in 1911, Bauer emigrated with family to the United States, more
specifically to Chicago, in 1921. He attended theversity of Chicago, where he
earned his B.S. and Ph.D. degrees, having studigdTwR. Hogness, W. D. Harkins
and H. I. Schlesinger.

Bauer’s electron diffraction work on the hydriddsboron was first published in 1936
with a paper on the structure of the stable peméadso BHy, written together with
Pauling. This work was followed by publications the structure of diborane in 1937
and on the structures of tetraborangHB) and pentaborane {Bi;) in 1938. Bauer
also made important electron diffraction studiessome of the compounds synthesized
by Schlesinger and his co-workers, such as bowmneonyl and borine trimethylamine
(1937) and BH; and BN3Hg (1938). This cooperation was prompted by the peiso
friendship between Burg and Bauer, which went kacRauer’s period as a student at

the University of Chicago. Bauer first proposetbiBurg in early 1936:

Relative to the electron diffraction studies, kfiproposed that this tool, which at
that time was available in the USA only at CalTeloh,used to determine the gas
phase structures of the newly prepared boron hgdrilwrote to Anton, and | am
certain he checked with Prof. Schlesinger, whoedjte establish this collaboration.
Anton then developed the procedure for freezing imounts of the gases, packing
the tubes in dry-ice and sending them by air n@iPasadena. He estimated that

each tube contained about 10 mmoles of the compomdest as | recall, | was

2721 . 0. Brockway, “Electron Diffraction by Gas Molgles”, Reviews of Modern Physic8 (3) (1936).
On 253.
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able to record no more that four successive expssymates that | carefully

developed and visually inspectzeﬁ

The difficult work conditions due to the instabyjliof the hydrides are evident. This
was, most probably, the reason why the stable perdae BHy was the first to be
studied by Bauer and Pauling, in 1936.

Further work proceeded in the forties and beydfdauer investigated many other
compounds using this technique, to which he magmritant contributions, both at the
technical and in the theoretical level. He was #t&author of a very important review
of the structural problem in the hydrides of borion] 94227

Bauer’s work on the hydrides of boron may be didid#o three distinct but intimately
related dimensions: the radial distribution methtite stochastic approach and the
theoretical discussion of results.

As already referred, the radial distribution metheak always applied first, because it
allowed the determination of the relevant intereacldistances in the molecule and
this, in turn, automatically imposed a significaastriction on the number of eligible
models whose computed intensity curves could bepaped with the observed one in
the stochastic phase of the method. Because itn@asnodel-dependent, the radial
distribution method was used as a powerful instninte get some insight on the
nature(s) of the chemical bond in the molecule urstiedy. However, to make such a
transition from simple knowledge of the internucldestances in the molecule, one had
to accept a definitive correlation between bondylerand bond nature. According to
this criterion, a comparison between the obsenawth and single-bond length
provided an answer to the nature of the bond: aoiflihe observed value was clearly
less than the single bond length, a looser borié (fhe one-electron bond) if the
observed length was significantly greater thansingle bond one. Bauer justified this
criterion on the grounds of recent publicationsHguling and his co-workers on the

correlation between interatomic distances and kbetrenic structures of molecules. In

273 Sjmon H. Bauer. Private Communication.

2% With the exception of work on the aluminium bordhge (1940), Bauer's work on the hydrides of
boron in the forties will not be addressed here.

2753, H. Bauer, “Structures and Physical Propertfeth® Hydrides of Boron and of their Derivatives”,
Chem. Rey31 (1) (1942), 43-75.
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fact, in 1932, Pauling published a paper in whiehdointed out that the observed
values of interatomic distances provided usefubnmiation on the electronic structures
of molecules, especially in what relates to resoadretween two or more valence bond
structure$® He concluded that resonance between two or maretstes led to
interatomic distances that were closer to the swiallvalue for those individual
structures. For example, in benzene each carbdiicdoond resonated equally between
a single bond and a double bond, as given by Kekniéctures; the observed carbon-
carbon distance, 1.39 A, was much closer to thearacarbon double bond distance,
1.38 A, than to the single bond distance, 1.54tAs Very interesting to notice that, in
this paper, Pauling used the boron-boron distandg;WNsHgs, measured by Stock and
Wierl in 1931, to argue for the resonance betwesmgle bond and a double bond in
this compound, just as in benzene.

Of course, the benzene case was a especially smnglesince both Kekulé structures
contributed equally. In general, however, the two neore structures contributed
differently to the wave function of the moleculedam such cases, a bond between two
atoms could have any intermediate character betsiegie bond and double bond.

To determine this intermediate character, PauBrgckway and Beach went as far as
establishing a continuous correlation curve betwbend length and the resonance
character of the bond natu€.This smooth curve was constructed with four poitits
carbon-carbon single bond distance in diamond &iptiaic compounds (1.54 A); the
carbon-carbon double bond length (1.38 A), takemfPauling’s table of covalent radii
and corroborated by Badger’s value for ethylen8q8):; the 1.39 A value for benzene,
which had fifty per cent double bond character, waed as the middle point of the
curve; finally graphite provided the last pointthis curve. To each of its bonds was
attributed one-third of double bond character. igulBrockway and Beach then used
the resulting curve/function to obtain informatiabout the electronic structures of a
number of resonating molecules whose experimentgdratomic distances were
available.

On these grounds, Bauer was able to use the ioteiatdistances obtained through the

radial distribution to immediately dismiss all Wilgss structures for diborane,

278, Pauling, “Interatomic Distances in Covalent Eolles and Resonance between two or more Lewis
Electronic Structures’Rroc. Nat. Acad. S¢il8 (1932), 293 — 297.

27|, Pauling, L. O. Brockway, J. Y. Beach, “The Degence of Interatomic Distance on Single Bond-
Double Bond ResonanceJ, Am. Chem. Sq&7 (1935), 2705 — 2709.
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tetraborane and both pentaboranes. Bauer simpledrthat none of the boron-boron
distances he had determined for all these compowsdle consistent with a double
bond nature. They were all too big. In fact, thegreveven bigger than in a single
boron-boron bond. The same happened with all therbbydrogen bonds: “Actually,
the values for the B-B and B-H distances pgiHBare both considerably larger than the
single-bond separations, showing that all the bamdise molecule have to some extent
the character of bonds weaker than single boffds.”

Besides the absolute value of the bond lengthsy tieéations between them also
constituted a powerful argument against the strestproposed by Wiberg: “[...] direct
evidence is available that all the hydrogen atomes equivalent in diborane and,
indirectly, a case of non-equivalence in tetraberamuld have led to differing B-B
distances within the molecule, contrary to obséowat’’®

Thus, based on these results alone, Bauer was imatalgdable to claim: “The
structural theory of Wiberg was unquestionably aeted.?°

By using the stochastic method, Bauer was ableitdgoward very concrete structures
for some of the boron hydrides. He did it by conmumithe theoretical intensity curves
for a number of different structures that were ¢stest with the bond distances he had
obtained from the radial distribution method. Onesincall attention to the fact that,
despite having claimed the elimination of Wiberdlseory through the radial
distribution method, Bauer did try to test it thgbuthe stochastic method also.
Naturally, he limited his models to ethane-like ethylene-like structures, since the
debate at the time was restricted to such struxtude immediately discarded the
ethylene-like structures. However, these resultsewe lot less secure than those
obtained from the radial distribution method weBecause, independently of its
experimental idiosyncrasies, the stochastic mettasl model-dependent. In fact, Bauer
assumed his struggle to assign a testable mod®llierg’s ethylenic structure: “I found

it difficult to construct a spatial model which wduworrespond unambiguously to the
structure proposed by Wiberg*

2’83, H. Bauer, “The Structure of Diborang”,Am. Chem. Sq&9 (6) (1937). On 1099.

29 3. H. Bauer, “The Structure of the Hydrides of &@urV. Tetraborane Bi;, and the Pentaborane
BsH11", J. Am. Chem. Sq@&0 (4) (1938). On 812.

280 5. H. Bauer, “The Structure of the Hydrides of &@urV. Tetraborane Bi;, and the Pentaborane
BsH11", J. Am. Chem. Sq&0 (4) (1938). On 812.
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A similar observation was included in his papertiom structure of the tetraborane and
the pentaboranesBl;;. The fact that Wiberg’s structure could not bealgabsplayed by

a visual diagram, due to the awkward position sftiwo hydrogen ions, had already
been referred by Stock in his book, and was mosbably a major cause for the
resistance faced by Wiberg’'s theory. This intriffsiature of Wiberg’s structure for the
hydrides of boron was a severe inconvenience, maaly danger, in such a spatial
model-dependent method as the electron diffracmalysis.

Even so, Bauer’'s confidence in his results was Bogustified: the difficulty in
assigning a spatial model to Wiberg's structureu@aonly tried one of these for each
hydride of boron) was nothing to be concerned wdimce the radial distribution
method had already ruled out its plausibility; dre tother hand, Bauer visually
compared the observed curve for diborane with th&logous ones for ethane and
ethylene. He was keen in calling the attention lie bbvious similarity between
diborane and ethane: “The similarity of the pattproduced by diborane to the one
produced by ethane should be noted.[...] The cenivdh the features presented by the
ethylene photographs is apparefit”

From the several ethane-like structures testeddfborane (obtained by assigning
different bond-lengths and bond angles), Bauer atdes to find one whose data was in
full agreement with the observed curve, allowingnhio reach the following

conclusions:

- Diborane’s atoms were arranged in the form of pycamids with coincident axes, at
whose apices the boron atoms were located, poitdingrd each other.

- The boron-boron distance was 1.86 + 0.04 A; the &istance was 1.27 + 0.03 A.

- The valence angles of the boron atoms were tedrahto within three degrees.

Similar conclusions were deduced for the tetrabaramich was found to have a chain-

like structure corresponding to butane, with théofang interatomic distances: B-B =

213 H. Bauer, “The Structure of Diborang”, Am. Chem. Sq&9 (6) (1937). On 1099.
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1.84 + 0.04 A; B-H = 1.28 + 0.03 A. The valence lasgvere close to tetrahedral and
rotation about the various B-B bonds should berassu

Likewise, the pentaboranesl®;; was found to have a configuration that correspdnde
either to that of pentane or isopentane, with tilwing interatomic distances: mean
B-B = 1.81 + 0.03 A; B-H = 1.26 + 0.03 A. The obssil angles were close to
tetrahedral and, once again, internal rotation hbe assumed.

This similarity between the structures of diboranetraborane and the unstable
pentaborane #;; should lead any chemist to expect similar chenpeaperties for all

of them. However, this was in full contradictiontiwithe distinction among them made
by Stock in his classification scheme. In fact, cBtalivided the hydrides into two
distinct families: BHn+4 and BHn+s. Stock had stressed that this was not just a forma
scheme; it also expressed a marked division ambadhydrides on what concerned
their observed chemical behaviour. Since diboragleriged to the first family and
tetraborane and the pentaborangHB belonged to the second one, their different
chemical properties also implied marked differencas a structural level, in
contradiction with the results Bauer obtained. @idrse, Bauer was fully aware of this
problem, which was behind his arguing against Ssosg&heme, which he dubbed was a
purely formal one with no chemical basis. Thuscading to Bauer, diborane behaved
as though it belonged to theHs,.s family and to put together his own interpretatan

the chemical facts, in full opposition to Stockisw, he argued:

Unlike BsHg and BgHi4, but like BHy, BsHi; and BH,o diborane melts at a
temperature at which its vapor tension is not olm®e on an ordinary mercury
manometer. Diborane, tetraborane and the unstabllporane also react far more
readily with water and ammonia than does the stpblgaborane or decaborane. In
further contrast to the latter two compoundgkHBreacts with hydrochloric acid to
give a chloro derivative and hydrogen, a behavimws also by BH;o and BH;
(except that the derivatives of these cannot blatisd). It is significant that di-,
tetra- and the unstable pentaboranes are convestsity one into the other by the
proper choice of experimental conditions, whikHR BeH;o, and BoH,4 are formed

slowly and irreversibly from that equilibrium mixer®

283 5. H. Bauer, “The Structure of the Hydrides of &@urV. Tetraborane Bi;, and the Pentaborane
BsHy1", J. Am. Chem. Sqd0 (4) (1938), 805 -812.
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Evidently, Bauer's work was unique and Wiberg hadted his case on physical
evidence derived from several other physical methdtiat meant that Wiberg had no
electron diffraction evidence to oppose to Bau#neothan a possible dismissal of the
method itself. It also meant that Bauer still haditgue against Wiberg’'s arguments in
order to build a truly consistent case. Otherwike, situation would just become too
confusing, with different physical methods allowitogdraw opposing conclusions. To
overcome this situation, Bauer used the theoreticabunts of Pauling and Mulliken as
a powerful intellectual instrument against Wibergampelling arguments. Therefore,
he did not contest the experimental results puvdod by Wiberg, but rather their
interpretation. By using the electronic configuras of Pauling, Lewis and Mulliken,
Bauer built immediate theoretical justifications fbe striking results he obtained with
the radial distribution method. Bauer thereby addedpirical legitimacy to the
theoretical accounts of the hydrides he had usddawning done so, he in turn used this
legitimating strategy to overthrow all the interfatgons on which Wiberg had rested his
claim of an empirical inadequacy of the ethane-tikkecture for diborane.

The importance of the theoretical accounts by Rgudind Mulliken in Bauer’s thinking

about the hydrides of boron is explicit in the dgling statement:

Only within the past few years has it been realiteat the existence of diborane
may be accounted for without the introductionaaf hoc hypotheses; theoretical
justifications based on the currently accepted ribsoof valence have been

formulated favoring the structure initially propdsey Sidgwick?®*

Therefore, Bauer considered the structures of Wjibas grounded orad hoc
hypotheses. On the other hand, the one-electrou, bdespite its alleged existence
being strictly restricted to the hydrides of boraould not be considered aud hoc
hypothesis because it was accounted for by botm rtteoretical constructions in
quantum chemistry.

The main argument that Bauer used to legitimizeotie-electron bond structures was,
naturally, the higher bond lengths he had findighapplication of the radial distribution
method. Bauer began by stressing that weaker amgtd-H bonds were expected on

the basis of Sidgwick’s structure

2843, H. Bauer, “The Structure of Diborang”, Am. Chem. Sq&9 (6) (1937). On 1096.
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which gave each B-H bond two-thirds single-bond ané third one-electron bond
character. Of course, Sidgwick’s structure coultlaezount for a looser B-B bond and
Bauer put forward a “slight extension of this cgafiation” by considering resonance to

structures such as

m
i o
i 0
o

Bauer also considered that both B-H and B-B lods®rds were equally compatible

with the seven Lewis structures

HtB B HJ H?:.B H!
H HH

which gave each bond 6/7 single bond character.

Apparently, Bauer was the first author to take iotmsideration Lewis structures for
diborane. This may have been because a no-bondatbacould be even stranger than
a one-electron bond. However, Bauer’s interest haase been triggered by the fact that
these structures did account for his observations at the same time, it gave the
highest mean value for the single bond characteagh bond, thus minimizing the odd
nature of diborane. Another important feature oésth structures was that they
accounted in a natural way for diborane’s diamagmet Moreover, this was no
coincidence, since they had been devised by Lewexigely to account for his
prediction of a diamagnetic behaviour for diborane.

Bauer sustained then that “strong theoretical asnismmay be given to support the
view that the molecule resonates among all thecstres of the Sidgwick and Lewis
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types, the B-B and the B-H bonds having single-hamé-electron-bond and no-bond
character?®®
In his discussion of the structure of diborane, &dtranslated” all these structures into

Mulliken’s molecular orbital language:

H H H H

H*Y: . ﬁ——:/, : ﬁ—!/z . Hti/: H B B H
H H e H

H+/2 . B I.l""h 1 H i HH B ‘B.—! : H
H H

H*: - B : B™ : H
H*/: H

These were the valence bond configurations corninguo the ground state. The wave
function of diborane might be represented approtefgay a linear combination of the
wave functions of the above structures. Only foybrtd sp® orbitals with tetrahedral
orientations were allowed, each of them filled wahshared electron pair, a single
electron or no electron at all. By suitable margioh of this theoretical frame, Bauer
was able to “conclude” that diborane had a diamtgrground state. However, it
should be noticed that he predicted the existeheel@wv-lying paramagnetic state too,
whose existence had not been verified yet.

The electronic symmetry and the equivalence afhallhydrogen atoms in his structures
allowed Bauer to dismiss in a straightforward wiag part of Wiberg’'s argumentation
based on the symmetry of his structures, which c@®g both the diamagnetism and
the null dipole moment of diborane.

He also dismissed Wiberg's use of the similarityween the ultraviolet spectra of
diborane and ethylene as “fallacious”. Moreoven &aargued, Blum and Herzberg had
put forward an explanation for their observed apson spectra that was derived from
Mulliken’s theory, the same he had used in hisudison of diborane. However, Bauer
recognized that Mulliken’s recent report (1937)cading to which diborane showed
no absorption in the near ultraviolet, visible anfitared (2500-12000 A) regions, was

253 H. Bauer, “The Structure of Diborang”, Am. Chem. Sq&9 (6) (1937). On 1099.
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“somewhat puzzling since various low-lying elecimlevels to which transitions from
the ground state are not forbidden have been peetiit®

Bauer also dismissed Stock’s determination of dibeis parachor, arguing that this
was the first time that such determination was mémemolecules involving one-
electron bonds. Since the contribution to the gasaof any type of bond could only be
determined experimentally, one could not draw aagctusions on the structure of
diborane from parachor determinations. Wiberg u$edluctions from phosphorus and
arsenic pentachlorides but Bauer found them witlwutiament because most chemists
believed that these molecules did not contain deetr®n bonds.

Despite having built a formidable empirical and atetical firewall against the
spreading of Wiberg's structures, Bauer’'s claims tfeeir definitive elimination still
faced a major obstacle. In fact, although he hashhbeery successful in discrediting
Wiberg's claims on the physical side of the debdités success implied perfectly
homogeneous structures, which accounted for the diplole moment and the
diamagnetic behaviour of diborane. This homogeneis clearly implied by the
homogeneity of all B-B and B-H bonds in diborarstyaborane and the pentaborane
BsH;; and Bauer endeavoured to provide them with suitadéetronic structures
through a resourceful use of a number of resonatingtures. In this process, however,
he sacrificed all chemical evidence pointing toekestence of two different B-H bonds.
In particular, he could do nothing against Wibergfi®ngest card on the chemical side:
the ammonia compound of diborane. It is somewlaati¢rthat this compound should
be involatile and, consequently, not suitable foredectron diffraction analysis. In a
way, diborane seemed to have some fractal kindredlucibility. Thus, after so much
work and debate on the physical properties of dibeyone great battle remained before
anyone could declareheckmate®n Wiberg. Bauer’s claims for a definite elimiretiof
Wiberg's structures may well be understood as dadseon of the superiority of his
physical results upon the available chemical ewdeiiHowever, for those who valued
chemical evidence, Bauer had forced Wiberg to aette its original stronghold, the
chemical action of diborane upon ammonia, but was nisking aperpetual chess
situation that would prevent the debate to getdalosure. Then Schlesinger and Burg

decided to play a card they had been holding farse

2865 H. Bauer, “The Structure of Diborang”, Am. Chem. Sq&9 (6) (1937). On 1102.
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In fact, in 1938, Schlesinger and Burg publishesiigorising claim for the annihilation
of Wiberg's advantage in the explanation of the amia salt of diborarf&’.

Building on the results of their own research paogron the transitory existence of
BH3;, they were now in a position to give a full cohdrenterpretation of some
unpublished experiments they had done years eantighe action of sodium upon a
solution of the diammoniate of diborane (diboranaiemonia compound) in liquid
ammonia.

Schlesinger and Burg began by disputing Stock&rpretation of his own observations

and, consequently, the reaction mechanism he hstdlpted to explain them:

It is true that the production of hydrogen befong aitrogen is liberated during the
electrolysis of liguid ammonia solutions of thisngoound, suggests the presence of
ammonium ions in such solutions. Neverthelessptssibility that at least a part of
the production of hydrogen is due to the cathodituction of ammonia (during
which anodic oxidation of the boron hydride occmstead of liberation of nitrogen)
renders it impossible to estimate the quantity mireonium ion furnished by the

original salt?®®

Even more striking was the dismissal of Stock’seliptetation of the ammonia
compound of diborane as a diammonium salt. Theyearghat “a solution of a true
diammonium salt in liquid ammonia would be expedtedroduce a greater lowering of
the vapor tension and a greater electrical condticthan were actually observed®
Instead, Schlesinger and Burg further argued ti@atainmonia compound of diborane
had one single ammonium ion, rather than the twierdked by Stock. It should be
noted that they did not dispute Stock’s concluglaat two ammonia molecules reacted
with each diborane molecule. They rather disputed both ammonia molecules were
transformed into ammonium ions. Schlesinger andgBureasoning was based on

experiments that showed that only one atom of sodigacted with the ammonia

87 H. 1. Schlesinger, A. B. Burg, “Hydrides of BoroKlIl. The Structure of the Diammoniate of
Diborane and its Relation to the Structure of Daya”,J. Am. Chem. Sq@&0 (2) (1938). On 290.

288 4. |. Schlesinger, A. B. Burg, “Hydrides of BoroKlll. The Structure of the Diammoniate of
Diborane and its Relation to the Structure of Dava”,J. Am. Chem. Sq@&0 (2) (1938), 290-299.

29 H, I. Schlesinger, A. B. Burg, “Hydrides of BoroKlll. The Structure of the Diammoniate of
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compound of diborane and not the two that were e&epeto replace the two ammonium

ions of a true diammonium salt:

Some years ago, we undertook a further test of Wyibanterpretation, through a
study of the action of sodium upon a solution & thammoniate of diborane in
liquid ammonia. One mole of a true diammonium shlbuld react with two gram
atoms of sodium to liberate two equivalents of loggm. Actually we found that the
diammoniate, prepared at the lowest feasible teatpesr (-120°) and allowed to
react with excess sodium in liquid ammonia justv@bds freezing point (-77°),
produce only one equivalent of hydrogen per moledidforane used. [...] In
experiments in which the quantity of sodium wag juse equivalent per mole of

diborane, a stable salt having the empirical foaraBHgN could be obtained by

subliming away the ammonia after the reaction veaspiete?®®

According to Schlesinger and Burg, at first glarités seemed to favour the structure

proposed by Boeseken and Wahl:

H* H:I_B_:B:H
H

This structure could bind one molecule of ammonia doordination with the
“unsatisfied” boron atom and the other by formatafrthe ammonium ion detected by
the reaction with sodium.

Recall that Stock’s dismissal of Boéeseken and Véasiifucture was justified with the
alleged dibasic acidity he had attributed to diberdbecause of his interpretation of
diborane’s ammonia compound. Since SchlesingerBand were disputing that very
interpretation by Stock, this structure was a foktsi again.

However, according to Schlesinger and Burg, thiscsiire failed to explain some
evidence. The first one, “a minor logical difficgltalthough not an insuperable one”,
was pretty obvious: in the diborane molecule, ofdyr hydrogen atoms could be
replaced by alkyl radicals, however great the excé$oron alkyl used. It was not easy
to explain why Boeseken and Wahl's structure wofdd to substitute the fifth

hydrogen atom.

290 H, I. Schlesinger, A. B. Burg, “Hydrides of BoroKlll. The Structure of the Diammoniate of

Diborane and its Relation to the Structure of Dava”,J. Am. Chem. Sq@&0 (2) (1938). On 290.

175



Even so, a more serious objection to this strucivae the result of a further study of
the reaction of the ammonia compound of diborang wodium in liquid ammonia.
Schlesinger and Burg observed that further hydrogas released if the temperature
was allowed to rise. However, the total amount yafrbgen never exceeded 1.4 moles
of atomic hydrogen H (not molecular hydrogep) ider mole of diborane, thus never
achieving the two moles that would be expected Witlberg’'s structure. Since the
exposure of the liquid ammonia solution to tempered as high as -40°C, before any
sodium had been added, led to an immediate prasuaf 1.25 moles of atomic
hydrogen by reaction with sodium at -77°C, Schigsinrand Burg concluded that the
immediate release of those additional 0.25 moltafméc hydrogen resulted from a very
slow secondary reaction between ammonia and theommneompound of diborane that
had not been previously detected at lower tempersitu

Wiberg or Wahl's structures could hardly explainisttrsecondary reaction, and
Schlesinger and Burg proceeded to explain it byytasng a new mechanism for the
reaction between ammonia and diborane. Accordinthém, the basis for their new
approach was their recent work on borine carbom4@O and borine trimethylammine
BH3N(CHy)s:

The direct formation of the latter compound [BHCHSs)s], by the action of
trimethylammine upon diborane at temperatures asde -110°, suggests that the
product of the action of ammonia at similar tempees also may be a complex
compound of borine. Another clue to the problenfoisnd in the fact that borine
trimethylammine, dissolved in liquid ammonia, does react with sodium. This
observation suggests that the hydrogen produceticoyction of sodium upon the
diammoniate of dibora¥, comes not from the BHgroup now assumed to be
present in that compound, but rather from ammanialived in the original reaction
with diborane®®?

291 gchlesinger and Burg kept referring to the ammamienpound of diborane as “diammoniate of
diborane” or simply as “diammoniate” because it \wasonvenient and empirically correct name for the
compound, whose empirical formula wagHg2NHs. They, nevertheless, opposed to Stock’s ideaithat
was a real diammonium salt.

292 1. 1. Schlesinger, Anton B. Burg, “Hydrides of Bor VIII. The Structure of the Diammoniate of
Diborane and its Relation to the Structure of Dava”,J. Am. Chem. Sq@&0 (2) (1938). On 291.
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Building on these ideas, Schlesinger and Burg aeduirat the action of ammonia upon

diborane was the hypothetical borine ammine;:BiH3, whose ionization would render

H
H* HB
H

which, in liquid ammonia, should lead to the forioatof the salt

B2
Dl

However, it was evident that this salt’s structwauld not be reconciled with the

the formula
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empirical formula BHe2NH;3 of the ammonia compound of diborane, determined by
Stock and not disputed by Schlesinger and Burgs Thfficulty could be solved by
admitting further reaction of a borine molecule hwthe unsaturated nitrogen in the

anion of this salt to give the compound

NH.* [H: B:N:B :H]‘

This formula of a mono-ammonium salt containing &N skeleton, rather than a

i s i
2
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direct derivative of diborane, was in agreemenhait the observations by Schlesinger
and Burg and with the empirical formulaHg-2NHs, determined by Stock.

Schlesinger and Burg tried to detect direct evidefur this mechanism through the
study of borine ammine or its ammonium salt, but tlae attempts to prepare these
compounds have failed, evidently because theyregtteeunstable or undergo secondary
reactions.?*® These attempts involved not only the reactionrofr®nia with diborane
and borine carbonyl, but also the action of ammapian two very unstable compounds
formed by the low-temperature addition of diborémehosphine and methyl ether.

Still, Schlesinger and Burg were able to argueidirect evidence that corroborated
their postulated reaction mechanism. By making gietther to react with diborane

2% H, I. Schlesinger, A. B. Burg, “Hydrides of BoroKlll. The Structure of the Diammoniate of
Diborane and its Relation to the Structure of Dava”,J. Am. Chem. Sq@&0 (2) (1938). On 291.
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they obtained the unstable borine derivativesBEHs),0?**, which when dissolved
simultaneously with sodium in liquid ammonia reretkn residue whose analysis after
the removal of excess ammonia proved to be N@BH. Since not only the amount of
released hydrogen (0.5,Hper boron atom), but also the rate of this releass
consistent with a process that consisted first he formation of the compound
NH4BH3NH; by reaction of BB (CHs).O with ammonia (all methyl ether (G}HO was
recovered), followed by the replacement of the amioma ion NH4 by the sodium ion
Na’, Schlesinger and Burg considered that the presehtiee ion BHNH, had been
indirectly demonstrated, thus substantiating theastulated mechanism for the
formation of the mono-ammonium salt of diborane.

A reference to this investigation was already ideld in a footnote on a previous
publication, dating it no later than 193% Thus, approximately two years, at least, had
elapsed between this footnote and the actual mtldic of the investigation. One can
speculate that this delay may have been due torg/$&936 review paper. Schlesinger
and Burg may have refrained from publishing theaation mechanism for the action of
diborane upon ammonia by Wiberg’s argumentatioretbas diborane’s physical data.
The publication of this new reaction mechanism \pesbably triggered by Bauer’'s
work.

In fact, Schlesinger and Burg submitted their papeNovember 1937 and Bauer’s
paper on the structure was submitted on March 27 18chlesinger and Burg must had
been aware of Bauer’s results. Either they wereadly in the possession of the reaction
mechanism, or they rushed to get it, because ineBdyer 1937 Bauer submitted a
paper on the structure obBH; and BN3Hg. At that time, Schlesinger, Ritter and Burg
had not yet published their paper ogNBi; (it was only submitted in April 11, 1938),
but a sample of it was sent to Bauer because thepested that both compounds
(BoNH; and the ammonia compound of diborane) had a B-Bk&leton. Since the
ammonia compound of diborane was not volatile, aodsequently, not suitable to
electron diffraction analysis, their best chancelofaining indirect evidence for its B-

N-B structure was through the volatilgNBH;, because there was evidence that this new

294 Schlesinger and Burg assigned the formulaeBEHs;),0 to this compound by analogy with borine
trimethylammine BHN(CHy)s, although it might have been formulated also gd¢2(CHs),0, since its
molecular weight had not been determined yet.

2% H. |. Schlesinger, L. Horvitz, A. B. Burg, “Hydis of Boron.VI. The Action of Ammonia on the
Methyl Diboranes”J. Am. Chem. Sq&8 (3) (1936). On 409.
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compound was formed by the action of diborane uffen ammonia compound of
diborane. Thus, a B-N-B structure fopNBH; would be a good indication that the
ammonia compound of diborane had a B-N-B skeletslfj in full agreement with
Schlesinger and Burg’s mechanism for its formation.

Indeed, Bauer confirmed the B-N-B structure feNBl;, although he was not able to
get decisive evidence favouring thesB-NH-BH3 structure over the alternative
configuration HB-NH,-BH,. Bauer also determined that the boron atoms wesely
equidistant from the N atom and that the mean Bpasation was 1.56 + 0.3 A. The B-
N-B angle was tetrahedral within four degrees, wttile B-H distance was close to 1.20
A. As a part of this process, Bauer decided tovestigate the interatomic distances in
BsN3Hg, because the high relative error in the valueinbthby Stock and Wierl in
1931 (1.47 + 0.07 A) prevented the deduction ofufiiently secure value for the
single covalent separation of boron and nitrogesuds confirmed Stock and Wierl's
benzene-like structure forsBsHs, with a B-N separation equal to 1.44 + 0.02 A.
Assuming a resonance similar to that of benzeneeBdeduced that the boron-nitrogen
single bond separation was 1.59 A long.

This was not the first time that Bauer analysedeav rcompound discovered by
Schlesinger and Burg. In July of 1937, he had dliyeaibmitted his analysis of borine
carbonyl and borine trimethylammine, establishingirt structure and discussing their
electronic structureS?®

When Schlesinger and Burg submitted their papertr@n ammonia compound of
diborane, they were keen to present Bauer’s resultirther evidence for their reaction

mechanism:

Finally, attention is called to a recent paper byHSBauer, who, at our suggestion,
investigated the electron diffraction of the vapérthis compound, and concluded
that the data obtained can be explained only byetistence of a B-N-B skeleton

for the molecule?’

2% 5. H. Bauer, “The Structures of the Hydrides ofrd@o Ill. Borine Carbonyl and Borine
Trimethylammine.”J. Am. Chem. Sq&9 (10) (1937), 1804 — 1812.

297 H. I. Schlesinger, D. M. Ritter, A. B. Burg, “Hyides of Boron. X. The Preparation and Preliminary
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On these grounds, Schlesinger and Burg felt theye viieally in a privileged position
allowing them to participate openly in the debai&ey knew that their reaction
mechanism, despite all their arguments, still sednspeculative. They also knew that
all they needed was to claim they had establishegation mechanism that was as
consistent as that by Stock, thus putting bothti@aenechanisms on an equal footing.
Then they could call into action Bauer's work, whiprovided compelling direct
structural evidence and dealt with all the physieaidence on diborane. But most
important to Schlesinger and Burg, they were aisallfy able to claim that their own
research program on the structural relevance ohéaiBH;) could sustain Bauer’'s

conclusions on a chemical level:

Whether or not one considers the indirect evidesafficiently cogent for the
acceptance of the structural formula here propotesl arguments presented here
make it evident that the structure of the “diamnatmiof diborane” cannot properly
be used for the support of hypothetical structafediborane, since the present work
has shown that the diammoniate is not necessariliyest derivative of diborane.
The tendency of diborane to yield the transitorylenoles of borine, the chemical
evidence of its unsaturation, and the electrorratiffion pattern which it produces,
all seem best in accord with formulas containingidm involving less than two

electrons’®

However, a problem still remained: the chemicatlence for the existence of two B-H
bonds in diborane with a different nature was mstricted to its ammonia compound.
For example, Schlesinger and Walker's 1935 work tb@ methyl derivatives of
diborane led them too to such a conclusion. Thasnigruence between the physical and
the chemical data may have been the reason bekindséger and Burg's search for
further physical evidence, for, in 1938, Burg psbéd a joint paper with T. F.

Anderson on the Raman spectrum of liquid diborameshich they stated:

The x-ray and electron diffraction patterns of ddree (BHg) show that its atomic
arrangement is analogous to that in ethane. Howether formulation of its

electronic structure is made difficult by the deficcy of two electrons. In the hope

2% H. I. Schlesinger, A. B. Burg, “Hydrides of BoroKlll. The Structure of the Diammoniate of
Diborane and its Relation to the Structure of Dava”,J. Am. Chem. Sq@&0 (2) (1938). On 293.
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of contributing toward the solution of this probleme have obtained the Raman

spectrum of diborane in the liquid condititH.

Schlesinger and Burg’'s concern with this investaggatmay be corroborated by two
facts: Burg did participate in this investigatioather than just providing the samples;
large amounts of diborane were prepared with Seigess material help.

It is somewhat surprising that, at this stage, Mamkl Pohland’s work was still being
used as valuable evidence for the ethane-like tsireiof diborane. Bauer had used it
too. According to this statement, it was the etautr structure that was problematic for
the authors. This is well explained by the clastwben Bauer’s electronic structures for
diborane and important chemical evidence. For Saider and Burg, the only way out
of this deadlock was to distrust Bauer’s electratiactures. On a theoretical level, this
should not be very hard to do, as Bauer’s arguntienthased on Pauling’s resonance,
with its intrinsic teleological character, may has@unded to them as some sort of a
scientific “mumbo-jumbo”. After all, Schlesinger @arWalker had already explicitly
distrusted Mulliken’s theoretical consistency befobecause of his prediction of a
paramagnetic behaviour for diborane. The real pmblmust have been the
homogeneous B-H distances that Bauer had deternimedgh the radial distribution
method. To preserve their results on the methylvdieves, Schlesinger and Burg were
forced to distrust them as well. Thus, Bauer on side and Schlesinger and Burg on
the other, were at this point forced to evaluatéedintly the same empirical evidence
according to their own work (and consequently,rteciplinary commitments).

Since Anderson and Burg’s work came up with nocstmal implications whatsoever,
the debate seemed doomed to a somewhat confusiagjan, forcing its audience to an
attitude of cautious objectivity in describing bgtrties’ arguments. Later on, in their
1942 review of the field, Schlesinger and Burg gapen the necessity of the structural
significance they had attributed to the methyl waives of diborane, stating that other
explanations, as steric hindrance, were conceivdihls statement may be understood
as an attempt by Schlesinger and Burg to contrifnrt¢he debate’s closure. Anyway,
at this time, Schlesinger and Burg were alreadyimgaa surprising goodbye to the
structural debate, acknowledging that chemical ewé was not enough to decide its

29 T, F. Anderson, A. B. Burg, “The Raman SpectrufnLiguid Diborane”, Journal of Chemical
Physics 6 (1938). On 586.
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outcome and leaving the discussion to the reviellighied by Bauer, which dealt only

with the physical evidence on the hydrides of boron

Nevertheless, it must be recognized that no simgtgure of diborane is in
satisfactory agreement with either the total chaibehavior of the substance or
deductions from the various physical propertiefasstudied.

Numerous structures have been proposed for theehithoron hydrides, but
knowledge of their chemical properties is still toeagre to give support to any of
these suggestions. Since Bauer in the followingemevdiscusses in detail the
physical data bearing upon the structure of diberand of the higher hydrides,
structural problems will not be further discussedthis review, except as they are
directly related to the chemical aspects of theesuB™

These statements may be considered as one of yhgok#s in which Schlesinger and
Burg explicitly assumed that the chemistry of thgdrides of boron should be
independent of the structural problem. As a resui decade devoted to the structural
problem, they had been able to collect a huge atmotimew data that allowed
establishing the chemistry of the hydrides of boemnan autonomous fielper se
“Quite aside from these structural problems, thenuistry of the boron hydrides is so
unusual as to be a matter of considerable intarétstelf.”***

This sudden evolution was largely based on thersimg results of very recent
investigation on the metallo borohydrides, whick baen published in 1940. However,
at the time he wrote his 1942 review with Burg, IBsimger was already holding back
truly historical secret developments that had bm#ained by his team in the context of

their participation on the Manhattan Project...

304 |. Schlesinger, A. B. Burg, “Recent Developnseintthe Chemistry of the Boron Hydride€hem.
Rev, 31 (1) (1942). On 3.

391 5chlesinger, H. 1., Burg, Anton B., “Recent Deyefeents in the Chemistry of the Boron Hydrides”,
Chem. Rey31(1) (1942). On 3.
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6 - Graduating from College

By 1942, the community actively engaged in prodgdioron hydrides was still very
restricted. In America, with a few occasional exaeys, only Schlesinger’s group
produced and studied the chemical behaviour of higdrides of boron and its
derivatives®®

An important step forward in spreading this kindcbémistry occurred in 1939. Unable
to find tenure in Chicago, Burg accepted the invta of the University of Southern
California to direct their chemistry department. Was credited for having rescued that
department from the “alchemy era”, building one fimest chemistry departments in
the United States. Burg kept actively researchimpparon chemistry until his nineties.
Thus, despite Stock’s “American road show” in 1982, interest in boron hydride
chemistry was gathered outside Schlesinger’'s grétys situation resulted certainly
from the secondary status of inorganic chemisty dathat time, when compared with
organic chemistry. In those days, engaging in ianigchemistry was definitely not the
best way to get a job in chemical industry. Muchrseaf one decided to do research on
a subject with absolutely no practical applicatiarigatsoever, as the hydrides of boron
were.

Stock did try to encourage American chemists toirgo his field. His book was
explicitly written with such intention. This is alsvident in the way its organization
was meant to render its consultation very easy.pides somewhat confusing and
repetitive account of his investigation, it servesl purposes quite well. The incredible
fact is that, despite having been largely ignorgdhis targeted audience, it did have the
desired effect on (at least) one chemistry studdra was to make all the difference, as
he was about to play a decisive role in the maatndtic revolution in the history of the
boron hydrides.

Herbert C. Brown was born in London on May 22, 19#& family emigrated to
Chicago when he was two years old. Brown had agular education. The untimely
death of his father forced him to abandon high-ethm find a job and help to support
his family. After three years of fruitless attemgts decided that further education was

the only way to get a job.

%92 One of these few occasions in which diborane wadyzed independently, was Lee Gamble and Paul
Gilmont's failed attempt in MIT to use the similgribetween phosphine and ammonia to clarify the
structure of the ammonia compound of diborane.
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Brown entered Crane Junior College in February 1838ing registered for a degree in
electrical engineering. Someone had told him tHattecal engineers made good
money...

All engineers had to go through chemistry and Brdethin love for it. He decided to
forget about the money and study chemistry. Duartexceptionally good memory,
Brown did well in the course work and exams. Hedr@alot about the history of
chemistry. He was fascinated by Lowry’s historiapproach in his general chemistry
textbookHistorical Introduction to Chemistr{1915). Many years later, he would adopt
it in his bookBoranes in Organic Chemistt972).

After his first year at Crane, the college close@ tb a lack of funds. It was the Great
Depression. By that time, Brown had taken two cesife general chemistry.

It was then that Nicholas D. Cheronis, an instruatoCrane, invited ten of the students
at Crane to use the small commercial laboratorggerated in the converted garage of
his home to do whatever experiments they wantatbfaising his reagents for free. He
wanted to keep the students off the streets. Bribven registered for a correspondence
course on qualitative analysis given by the Uniwgrsef Chicago. He did all the
experimental work in Cheronis’ laboratory.

Brown first met Julius Stieglitz as his listed mstor for the correspondence course.
He also took Harold A. Faledhorganic Quantitative Analysi§1925) and worked
through it independently. Later on, when Brown ezdethe University of Chicago, he
showed his note books to W. Conway Pierce and vedefull credit for the two
undergraduate Quantitative Analysis courses.

In 1934, Brown entered the Wright Junior Collegehich had just opened in
September. He took courses in organic chemistry @ngics. He was permitted to
experiment freely with the physical equipment asddito publish a weekly journal on
physics and held a monthly museum exposition atclwvhine demonstrated the

equipment.

It was a wonderful time there, and | could experitribere. One time | read about
the Foucault pendulum, and | went to the enginesbowhere the ceiling was
accessible through three or four floors. | assethldeveral heavy weights and

suspended them from the ceiling to just above th#o floor. | caused the
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pendulum to swing and followed the plane of its imotfor a full day. The

experiment worked as describ&d.

Also, Cheronis was writing a book on teaching orgacthemistry Semimicro and
Macro Organic Chemistry1942) and Brown did many tests and experiment$isn
request.

Brown graduated from Wright Junior College with tfwest class in 1935. He was
persuaded to apply for a competitive scholarshijpetUniversity of Chicago, which he
won.

At the University of Chicago he was able to compledth his junior and senior years in
three quarters, by June 1936. At this point, Bralichnot intend to apply for admission
to Graduate School or for an assistantship. Hengldrto get a job as a chemist and
marry his girlfriend Sarah Baylen, who had been diessmate since Wright Junior
College. It was on the advice of Stieglitz, who Ih@edome impressed with Brown in his
classes, that Brown, with Sarah’s support, postgdne plans and accepted Stieglitz’s
offer of an assistantship through his Ph.D. degree.

At this point Stock’s book became instrumental iroln’s decision to research on
inorganic chemistry. Sarah had offered him the bao& Brown became interested in
the field. Stieglitz also encouraged him to go intganic chemistry and study with
Schlesinger, who had been one of Stieglitz studéitisthat time, inorganic didn’t
attract the best students. [...] You know, | diddd it lightly, because at that time,
people looked down upon inorganic as a field okaesh, and there were very few
students getting Ph.D.s in %

303 Herbert C. Brown, interview by James J. BohningPairdue University, 11 November 1994
(Philadelphia: Chemical Heritage Foundation, Oratéty Transcript # 0117).

304 Herbert C. Brown, interview by James J. BohningParrdue University, 11 November 1994
(Philadelphia: Chemical Heritage Foundation, Oratéty Transcript # 0117).
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6.1 - Metallo Borohydrides

The discovery of the metallo borohydrides led taua revolution in the character of the
investigation on the boron hydrides, namely by domag its departure from the
structural problem. It also paved the road to |lagge production and industrialization,
a dramatic unexpected revolution which occurredeurtle sad accelerating power of
war.

The first metallo borohydride was reported by Ssiniger, R. Thomas Sanderson and
Burg in 1940. Once again, structural concerns edlab the investigation on the
existence of borine and the forces leading to yfsothetical dimerization in diborane
were in the origin of this investigation. Sincartathyl aluminium Ad(CHs)s was also
an electron deficient dimer, it occurred to Sandler® attempt to prepare the mixed
compound HBAI(CH3), by combining a borine unit with a trimethyl alumim unit.
According to Brown, “this was obviously an impraeti idea, but the general policy of
academic research favoured the testing of implciiteas, sometimes with startling
results.®*® Sanderson was not successful at obtainin@A{CHs), but the new
compound aluminium borohydride AdB;, was unexpectedly synthesized. Although it
had only a remote connection to the structural weloaer diborane, its interesting
properties, namely its high hydrogen content, dchisemediate interest and, shortly
after, beryllium borohydride and lithium borohydzidvere synthesized. Their discovery
and study were also reported in 1940. In theirenevof the field in 1942, Schlesinger
and Burg were very clear on the importance of thdiseoveries: “Among the more
striking results of recent investigations in theshstry of the boron hydrides is the
discovery of metal-boron-hydrogen compounds comtgininusually large proportions
of hydrogen.3

All these metallo borohydrides were prepared byation of diborane upon the alkyl
compounds of the corresponding metals. For exampléhe aluminium borohydride
case the reaction was given by the equation

395 Herbert C. Brown, “The Borohydrides — A Case Higtof Academic Exploratory Research”,
Chemical and Engineering New29 (50) (December 10, 1951). On 5231.

308 4. I. Schlesinger, Anton B. Burg, “Recent Devel@mnts in the Chemistry of the Boron Hydrides”,
Chem. Rey31(1) (1942). On 35.
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Al 2(CH3)6 + 4 BHg — 28(CH3)3 + 2AIBsH 5

The similarity between aluminium and beryllium sagtgd to Burg and Schlesinger
that beryllium borohydride could be formed by aralagous action of diborane upon
dimethyl beryllium. In fact, they were able to abta stable volatile compound of
molecular formula BeBHs, after a series of intermediate steps in whiclesswother
compounds such as (GBeBH, and HBeBH were also isolated.

In turn, the isolation of the aluminium and bemyth borohydrides led Schlesinger and
Brown to attempt the synthesis of an alkali metabbydride. According to Schlesinger
and Brown, the existence of salts with a,Blén had long been postulated. In 1936,
Stock and Laudenklos had tried to prepaf¢BiK,) by the action of active hydrogen
upon potassium diboraneB;Hg, but had failed at it.

Since ethyl lithium could be readily prepared andifed, Schlesinger and Brown
decided to use it as the starting material. Theyndoout that, at room temperature,
gaseous diborane was readily absorbed by ethyluidithto form the various ethyl
derivatives of diborane and a white solid whose-lgad character was established
through its remarkable stability and low volatilifigo decomposition or volatilization
was observed at 240 °C and”1m Hg. At 275 -280 °C it melted to a clear liquid
which slowly evolved hydrogen). By comparing thempmsition of the volatile
products with that of the starting materials andreating the white solid with methyl
alcohol, Schlesinger and Burg were able to estaltésformula as LiBH “At present
we can say no more than that it seems very proldablethe two constituents of the
compound, Li and Bl are probably ions®®’

Since this compound could be obtained through ¢laetron of aluminium borohydride

with ethyl lithium in a benzene solution,
3 LiC,Hs + AIBsH12 — 3 LiBH4 + A|(C2H5)3
Schlesinger and Burg interpreted this reactionmndgating that the basic structures of

aluminium and lithium borohydrides were closelyatetl and assigned the molecular

formula Al(BHg4)3 to aluminium borohydride. Such a formula was ireegnent with the

397 H. 1. Schlesinger, H. C. Brown, “Metallo Borohydeis. IIl. Lithium Borohydride?. Am. Chem. Sac
62 (12) (1940). On 3431.
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ability of the compound to add one molecule of dimgkether or of trimethylamine,
thus producing molecules in which the coordinatmmmber of aluminium is four.
Moreover, this formula was corroborated by the tetecdiffraction study made by J. Y.
Beach and Bau Indeed, Beach and Bauer calculated theoreticahsity curves for
nine different molecular models. Four of them pietlthe aluminium atom as being
bonded to three BHgroups and three H atoms. The B —AL-B angle wagddrom
100 to 110 ° and the B — H distance was varied ftcd®0 A to 1.28 A. Another model
considered the aluminium atom as being surroungetiree BH groups in a plane, the
four H atoms being in a plane perpendicular to BRE bond. In all these cases the
calculated intensity curve compared poorly with dbserved one.

Beach and Bauer then tried another version of l#ss model, in which the H atoms
were arranged about the B atom at the cornerstof@nal bipyramid. This was also
unsatisfactory, but by distorting the trigonal bigayid so that the three equal Al -B — H
angles were 85° instead of 90°, they were ableetoagreement. Beach and Bauer
presumed that this distortion was a consequendheofrepulsion between hydrogen
atoms. They found the best ratio of B-H to Al-Btdisces to be 1.28/2.15. This model is

shown in the next figuré®

The structure of Al(BH); according to Beach and Bauer

The structures of lithium and beryllium borohydsderompted Burg and Schlesinger to

assign the formula Be(Bft to the beryllium borohydride compound. This wasoal

308 3. Y. Beach, S. H. Bauer, “The Structure of theltitles of Boron. VI. AIBH;,", J. Am. Chem. Sqc.
62 (1940), 3440 — 3442.

3993, H. Bauer, “Structures and Physical Propertfeth® Hydrides of Boron and of their Derivatives”,
Chem. Rey31(1) (1942). On 47.
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done, without further work, by Beach and Bauemnvtim the extension of their model
of the Al(BH,)3 molecule to the beryllium and lithium borohydrideas obvious; in the
case of Be(Bh); the B-Be-B valence angle was presumed to be 180°.

Brown and Schlesinger were then led to proposeaditgtive explanation to the gradual
transition in the physical and chemical propertiesm diborane to lithium, with
beryllium and aluminium holding intermediate pasiis in between, just as might be
expected from the Periodic Table.

Thus, according to Schlesinger and Burg, at onecértis series, there was diborane
(BH3.BHs), with its high volatility and very low freezingopt, characteristics of non-
polar compounds. Lithium, at the other end of tkees, showed a relatively high
melting point and extremely low volatility, whiclegether with the appearance of its
crystals and its insolubility in benzene denouncedfar more polar character.
Aluminium and beryllium borohydrides, as far asskeroperties were concerned,
occupied intermediate positions, with the aluminicmmpound more near diborane and
the beryllium compound similar to lithium borohyaizi

Similar relations could be observed in their chexhlmehaviour: diborane’s instability
was in opposition to the relative stability of liin borohydride; diborane is very
reactive toward air and oxygen. Lithium borohydridiees not react with dry air at
ordinary temperatures. Once again, the other bamigs revealed intermediate
behaviour, although Schlesinger and Burg recognibhatithis judgement was entirely
qualitative because no reaction rates or equilibaich been studied.

To Schlesinger and Burg, the most striking featuas the difference in the behaviour
of these substances towards trimethylamine, thainithe easiness with which the
borine group was dislodged from the different metaborohydrides: lithium
borohydride did not react at all. Beryllium borohigeé required a temperature as high
as 90 °C to unfold a reversible reaction with ttimfgamine. On the contrary,
aluminium borohydride and diborane reacted irrabgrsat 0 °C and -100 °C,
respectively.

According to Schlesinger and Brown, these obsesmatindicated very clearly that
diborane behaved as “a molecule consisting of tig groups not too firmly bound to
each other™®. On the contrary, the whole chemical and physiediaviour of LiBH
indicated the presence of a Bkbn. The presence of a Bkgroup in diborane was not

3104, 1. Schlesinger, H. C. Brown, “Metallo Borohydeis. I11. Lithium Borohydride”J. Am. Chem. Sac
62 (12) (1940). On 3430.
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to be expected: “Nothing in the behavior of dib&amould lead one to suspect that it
could possibly yield a BiHgroup or ion, unless one were to use the relgtig@w
reaction of diborane with ethyl lithium to produld&ium borohydride as the basis for

such a conclusior®® Similarly, “nothing in the chemical behaviour oithium

borohydride is in any way suggestive of the presafa BH group.™*?

The properties of aluminium and beryllium borohgds were intermediate in
character. For example, aluminium borohydride ptalgproperties were those of a non-
polar compound, but its reaction with ethyl lithiuma benzene solution to give lithium
borohydride was very similar to an ionic doubleataposition. Schlesinger and Brown
explained this gradual transition in aluminium dvetyllium borohydrides’ behaviour
with a less pronounced, but still definitely recagble, “BH; character” when

contrasted with diborane.

All these facts seem to us most satisfactorilyrpreted by considering lithium
borohydride to be a polar compound consisting lcthaum and a borohydride ion. It
is possible that the degree of ionization of thmpound may not be so high as that
of a typical salt because of slight deformatiorntte borohydride ion; decision on
this question must await accumulation of furthetad# is evident, however, that the
smaller and more highly charged aluminum and hieryllions would exert a much
greater deforming influence on the Bhbn. As a result, the polar character of the
beryllium compound would become less than thathef lithium borohydride and
still less in the aluminum compound, as is actualig case. Furthermore, the
deformation of the Bl would make it susceptible to disruption, an intetation
which explains why BHK groups are relatively readily “extracted” from the
aluminum and the beryllium compounds.

But by far the most pronounced deforming influesbeuld be exerted by the very
small, highly charged boron ion. Such an aggregateB-BH,™ would not be
expected to be capable of existence. Disruptiom iBH; groups should be
essentially complete, and association of such graapiborane molecules is then

easily understootf?

$11H. I. Schlesinger, H. C. Brown, “Metallo Borohydeis. 111 Lithium Borohydride”J. Am. Chem. Sqc
62 (12) (1940). On 3431.

3124, 1. Schlesinger, H. C. Brown, “Metallo Borohydeis. I11. Lithium Borohydride”J. Am. Chem. Sac
62 (12) (1940). On 3431.

3134, I. Schlesinger, H. C. Brown, “Metallo Borohydeis. I11. Lithium Borohydride”J. Am. Chem. Sac
62 (12) (1940). On 3431.
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Thus, the metallo borohydrides provided Schlesireget Brown a new understanding
of diborane which finally allowed a qualitative ¢extualization of its odd tendency to
dimerize. This was to be achieved not by the stfdye stability of BH molecules or
BH3; containing compounds as Schlesinger and his c&ewsrhad tried so far, but
rather by viewing BHl as resulting from the deformation of its hypeustural parent,
the BH, ion.

This was not an explanation for diborane’s struetamd in fact, they explicitly denied
it, assuring that it had no relation to Bauer'seiptetation of diborane in terms of
numerous resonating structures.

Schlesinger and Brown were now willing to suspef@ tebate until further

investigations by physical methods could be puwérd:

Chemical evidence alone cannot decide these questimd since ours is a chemical

study of these compounds, we are not enteringardescussion of the problem the

further elucidation of which requires many additibdata®*

The previous statement may be considered to sifpgalvery first moment in which

Schlesinger and his group explicitly admitted toab@ndoning the structural debate to
focus on the chemistry of boron hydrides. This eciation of boron chemistry as a
full autonomous body of chemical knowledge wasrésult of a long process of data
collection that had been entirely formatted by streictural debate, but a sudden shift
seems to have been triggered by the discovery efutlexpected properties of the
metallo borohydrides in a perpetual puzzle scen&@markable as it may have been,
this was just the first step in the dramatic motathat metallo borohydrides were about

to bring to boron chemistry.

34H. I. Schlesinger, H. C. Brown, “Metallo Borohydeis. I11. Lithium Borohydride”J. Am. Chem. Sac
62 (12) (1940). On 3431.
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6.2 - | WANT YOU!

Late in 1940, the National Defence Agency askedleSaiger to investigate the
synthesis of new compounds of uranium with a viihatas low as 0.1 mm Hg at a
temperature at which the material was stable endaghong periods of time. The
purpose of such an investigation was not disclégekthlesinger.

Brown had just completed his work on lithium bordhgle and was working on gallium
borohydride when he was asked by Schlesinger tp #iie academic research and
engage in the Defence Project. Brown assembled al gimoup and began studying
several possible uranium compounds that might davibrk. Uranium hexafluoride WF
was already known, but its extreme reactivity rdis@ many technological problems.
Brown and his group focused on uranium (IV) acelacgtonate and related
derivatives, but the volatility of acetonylacetanatas too low. They tried to solve the
problem by changing acetonylacetonate’s structondeveere being well succeeded with
two fluorine derivatives when they were informedittit was very important that the
molecule had a low molecular weight, preferably graater than 238 g/mol. This was a
blow in the investigation: one of the fluorine detives of acetonylacetonate had a
molecular weight of 1066 g/mol.

Brown then decided to prepare uranium (IV) boroldelU(BH,) by treating uranium
(IV) fluoride with aluminium borohydride:

UF, + 2 Al(BH4)3—> U(BH4)4 + 2 Ale(BH4)

The first experiment was successful and the Nati@®dence Agency requested the
creation of a large research team to synthesizesmmty uranium borohydride U(BH
and to discover simple synthesis methods for |aggde production. Schlesinger took
care of the analytical study of U(BH4 and other promising derivatives (volatility,
stability, etc) and Brown was in charge of theioguction (both test quantities and
large scale methods).

Brown could get uranium (IV) fluoride from governmiesources but he had to
synthesize aluminium borohydride.

Aluminium borohydride was produced by treating ®&thylaluminium with excess
diborane. To synthesize trimethylaluminium one fiegt to use mercuric chloride and
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methylmagnesiumchloride to obtain dimethylmercwapjch in turn was treated with

aluminium:

2 CHsMgCI + HgCh — (CHgs),Hg + 2 MgC}

3 (CHs)oHg + 2 Al — 2 (CHy)sAl + 3 Hg

(CHs)sAl + 2 BoHs — AI(BH.) + B(CHy)s

As the last equation shows, diborane production amsssential step in the whole
process. Brown used Schlesinger and Burg’s methodaalified by Stock and Satterlin
in 1934, that is, he used boron tribromide insteorontrichloride. Borontrichloride

was synthesized from calcium boride and subsequesdluced by an electric discharge

method:

CaBs + 10 Bp — CaBp + 6BBr; (900 °C)

BBr; + H, — BHBr, + HBr (15 mm Hg ; 12,000 volts)

When subjected to high temperatures, BHBenders BHsBr, which in turn

decomposes into diborane and boron tribromide:

BoHsBr — B;Hg + BBr3

By treating U(BH), with trimethylboron, it was possible to synthes@enonomethyl
derivative of U(BH), that was even more volatile than its parent comgdou

According to Brown, most of their effort had to evoted to the synthesis of sufficient
uranium borohydride and its methyl derivative fatalled study of their volatilities,
stabilities and the like. However, it was cleartttias production method would not be
suited for large-scale industrial production.

A small group had almost immediate success in figch simpler and better-suited
process, though. By making a suspension of finelydd lithium hydride LiH to react

with boron trifluoride etherate, diborane was progtl In that same solvent (diethyl

193



ether — (GHs)20), diborane reacted with lithium hydride to produlithium boron
hydride LiBH:

6 LiH + 8 BF; — ByHg + 6 LiBF,

2 LiH + BoHg — 2 LiBH4

Lithium borohydride then reacted with aluminiunthioride (in the absence of solvent)

to produce the desired aluminium borohydride:

3 LiBH4 + AICI; — A|(BH4)3 + 3 LiCl

When these discoveries were reported to the Ndtidaetence Agency, a second blow
fell:

When we reported this to the headquarters, ouglielivas severely dampened.
There was a serious shortage of lithium hydride amde could be spared for this
application. (Every plane going over water carri@d 1-pound charges of lithium
hydride, which could be used to inflate a ballooithvhydrogen to carry aloft an

antenna for distress signafs?)

They were then asked to use sodium hydride NaH.

Because of war, they could not resort to the usakdents tetrahydrofuran and diglyme
and ethyl ether and other solvents were shown metdrk. The problem was solved
with sodium trimethoxyborohydride, which was regdirepared by heating sodium

hydride with excess methyl borate:

NaH + B(OCH); — NaBH(OCH)

This compound was then used to produce sodium drae

2 NaBH(OCH)s + B,Hg — 2 NaBH, + 2 B(OCH)3

315H. C. Brown,Boranes in Organic ChemistiNew York: Cornell University Press, 1972). On 44.
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which, in turn, could be combined with aluminiumlaide to give aluminium
borohydride.
Sodium trimethoxyborohydride was also a sourcelwdrdne:

6 NaBH(OCH)s + 8 BF; — B,Hg + 6 NaBR + 6 B(OCH)3

6 NaBH(OCH); + 2 BCk — B,Hs + 6 NaCl + 6 B(OCh)s

Finally, the production procedure for U(BHvas completed and it was time to test it:

Our results indicated that uranium (1V) borohydriglessessed sufficient volatility
and stability to meet the specifications. A suppfyuranium (V) borohydride was
prepared, and | received priority to fly to New ¥ofor testing at Columbia
University (a four-stop flight aboard a DC3). At I[Gmbia | worked with Dr.

Willard E. Libby, subjecting the material to the tadebarriers that would be used in
the diffusion plants. Alas! Uranium borohydride yped unstable to these metal

barriers®!®

Meanwhile, the U.S. Army Signal Corps had been rgvproblems with field
generation of hydrogen, needed to elevate theio raistennas to the required altitudes.
They used a mixture of ferrosilicon and sodium loyitte, whose reaction left a solid
residue of silicates that had to be chipped oubrieethe generator could be used again.
This took a soldier’s full day. Even worst, the tdimg of sodium hydroxide pellets
often resulted in hospitalization due to caustimBuAlso, the large and bulky cylinder
required was difficult to transport to battle arem®und the world. Finally, these
silicates had a salty taste much loved by cowsthmiticid in their stomachs converted
it to silica. The farmers had been complaining bheeawith their stomachs filled with
silica, the cows slowly starved to death withouerebeing hungry. The Army was
facing too many damage suits.

In the meantime, someone in the Signal Corps razel af the reports from the
Schlesinger group and noticed the high yield ofrbgén in the hydrolysis of lithium
borohydride. However, the entire world supply d@hilim was not enough to sustain
such use for lithium borohydride and Schlesinget his team suggested the use of

sodium borohydride. Its hydrolysis should produdenast as much as lithium

%1% Herbert C. BrownBoranes in Organic Chemist@ew York: Cornell University Press, 1972). On 45.
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borohydride and far better than calcium hydriddeorosilicon. Moreover, the reaction
product was the easily disposable sodium boratee ¥ignal Corps asked for a

demonstration.

Interested, they asked for a demonstration. Thisdeone of the greatest shocks of
my life.

In research involving the hydrogen compounds obgarone customarily oxidizes
them to carbon dioxide and water and collects aaijs these to get an analysis.
One does not normally anticipate that a given hgdroeon will fail to burn.
Similarly, in research involving the hydrides ofrbo it is customary to treat the
compound with water to form boric acid and hydraders ingrained in one always
to protect such compounds from air and water. Wk dlaays so protected sodium
borohydride.

Since our visitors wanted a demonstration, | weigloeit a sample of sodium
borohydride in a dry box and placed the sample flask fitted with a gas outlet
tube connected to a gas meter. A dropping funnefatning water was attached to
the flask. The entire assembly was mounted behindfety screen. (I expected a
violent reaction, similar to that which occurs wiitihium aluminum hydride.)

With the several colonels and civilians of the tuigj party surrounding me, |
cautiously allowed the water to flow from the dragpfunnel into the flask. To my
amazement, the sodium borohydride simply dissoleed no significant gas
evolved.

This was embarrassing inde&d!

Even so, the Signal Corps kept its interest andsdaech began for a simpler and more
economical procedure to obtain sodium borohydriut its hydrolysis. It was achieved

by combining methyl borate with sodium hydride 802C:

4 NaH + B(OCH); — NaBH, + 3 NaOCH

And this reaction was behind the industrial mettod the production of sodium
borohydride.
In 1944, a contract was signed between the Signgb<Cand the Ethyl Corporation to

build a pilot plant, but shortly afterwards Washong gave instructions to stop the

317H. C. Brown,Boranes in Organic ChemistiNew York: Cornell University Press, 1972). On 46.
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construction of any new war plants as the war wearing its end. Once again, the

hydrides of boron failed at engaging in combat.

According to Brown, their efforts were not fruitteSNevertheless, the research opened
up major new areas. It completely revolutionized thethods used by the organic
chemists for the reduction of functional groups.dAsodium borohydride, a product

developed under the exigencies of war researatr, fatund its main application in the

pharmaceutical industry’*®

6.3 - Inorganic meets Organic

In 1938, Brown was persuaded by Schlesinger andy Barexplore the reaction of
diborane with aldehydes, ketones and other commouadtaining carbonyl groups. In
his book, Stock had already referred some incidefitservations on reactions between
boron hydrides and carbon compounds, namely thatioaa between B110 and ethane
and alcohol and the reactions of acetylene witHeBand BHio: “These are set down
here briefly, because if followed up they may léadhe preparation of compounds that
contain both boron and carbo#t® Brown’s PhD. thesis was published in 1¥391t
was a joint paper with Schlesinger and Burg andatoad some unpublished work on
the reactions of diborane with acetaldehyde anchyhébrmate that Burg had carried
out in the summer of 1934. References to studiethese reactions can be found in an

earlier publication by Schlesinger and Burg:

These results have not yet been published. We Fawed that diborane reacts
rapidly with acetaldehyde to give diethoxyboringthwacetone to give a compound

which seems to be diisopropoxyborine, and far nstwa/ly with methyl formate to

318 4. C. Brown,Boranes in Organic ChemistiiNew York: Cornell University Press, 1972). On 48.
319 A, Stock,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 150

3204, C. Brown, H. I. Schlesinger, A. B Burg, “Hydes of Boron. XI. The Reaction of Diborane with
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give dimethoxyborine. The aldehyde and ketone r@astare completed in ten

minutes at room temperatute.

Brown, Schlesinger and Burg hoped that their wookild shed some light on the
structure of diborane, but also that results ofificance to organic chemistry might be
observed. In fact, as pointed out by Brown latey ibrgave birth to a revolution in
organic chemistry. It reported the first use ofrgamic hydrides for the reduction of
organic functional groups.

According to Brown, before this development, orgamductions were carried out by
using active metal, such as iron, zinc, or sodiuith \&cetic acid or alcohols. Elevated
temperatures (100 °C) and extended reaction tirBestiours) were required. The
introduction of aluminium alkoxides in the late 0% did not change these
requirements. On the other hand, the reduction ibgrdne took only 1 minute and
required 0 °C!

Because only milligram quantities of diborane wexailable at that time, produced
through Stock or Schlesinger and Burg's methods, iticredible development could
not be adopted by organic chemists. It was of #texal interest only. Interestingly,
Brown recognized that neither of them realized tttenneed for the improvement of

preparative methods:

It would be nice to tell you that one of these ¢hresearchers [Brown, Schlesinger
and Burg] recognized the desirability of developiag practical synthesis of
diborane, one that would make this chemical readimilable and lead organic
chemists throughout the world to use our convenpeotedure for reducing organic
compounds.

Regrettably, that was not the case. At the timallfgcmembers at universities

tended to look down upon research directed towsothanic synthesis?

This deadlock was overcome due to work on sodiunotparide during the war. In
1943, Brown failed to achieve tenure at the Uningrsf Chicago and went to Wayne
University, Detroit. While there, he was associatsda consultant with Ethyl Corp. to

develop a commercial process for the manufactursodium borohydride. However,

%21 A, B. Burg, H. I. Schlesinger, “Hydrides of BoroWll. Evidence of the Transitory Existence of
Borine (BH): Borine Carbonyl and Borine Trimethylamming?,Am. Chem. Sq&9 (5) (1937). On 781.

322 4, C. Brown, “Hydride reductions: A 40-year reviiim in organic chemistry”,.Chemical &
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the research on the reducing potential of sodiummotbaride was still under
classification and he could not continue his wankus specific issue.

After the war, lithium hydride, a compound with eptionally powerful reducing
capabilities, was synthesized by Albert Finholtthwr C. Bond Jr. and Schlesinger at
the University of Chicago. Because the declassibogoroblem held up the publication
and commercialization of sodium borohydride, lithitnydride was available sooner to
the organic chemist. However, in 1947-48, both ahum hydride and sodium
borohydride were being produced by Metal Hydrides. ILithium hydride was
originally their major product soon to be surpassgadodium borohydride. Large scale
production sustained by the world-wide constructodrseveral large plants followed
these early developments.

An important step in this process was the selectdeiction research program initiated
by Brown at Purdue University, where he moved id7L9The available reducing agents
at the time were very different in character: sadiborohydride was a very mild
reducing agent capable of reducing aldehydes, kstand acid chlorides; and lithium
aluminium hydride was a very strong reducing agehich reduced practically all
organic functional groups. Brown and his co-work&ied to enhance the reducing
power of sodium borohydride and to decrease thdithiym aluminium hydride. This
was achieved by adding lithium chloride or bromitke a solution of sodium
borohydride and by introducing alkoxy substituantsthium aluminium hydride.

Since sodium borohydride, a simple source for d@diber was now commercially
available, Brown decided to explore diborane’s o&uly characteristics. They turned
out to be completely distinct from those of sodiborohydride and lithium aluminium
hydride and this fact allowed playing with theiffdiences to obtain selected results.
For example, in a mixture of chloral and trimetlvgaaldehyde, sodium borohydride
would reduce the chloral and diborane would redbeeacetaldehyde.

According to Brown, the most unexpected charadterid diborane as a reducing agent
was its rapid reduction of carboxylic acids to &lois and of amides to amines. This
was a significant breakthrough because carboxyticlsawere especially resistant
towards reduction.

The following table illustrates how the organic ch&t had now at his disposal a

versatile range of reducing agents which he coeilecs for his specific purposés:

323 N/A, “Versatile Hydroborons"Chemical and Engineering Neday 6, 1957). On 28.
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Select a Reducing Agent That Can Attack One
Functional Group, Leave Another Alone . . »

For example, to reduce an ester in the presence of a carboxylic acid
group, use a combination of sodium borohydride and lithium bromide

NaBH, NaBH, LiAlF LiAIH
NaBH +AICH; +LiBr BoHe LiAlH, {OMe), {O--Bu)

Aldehydes + et ++ e+ 4 e ++
Ketones +4 et e +4 S e e
Acid chlorides “+- +- A ==, + ot 4
Esters o e + 4o el +4 =
Acids - e - ++ - e -
Salts - - —_— — B D a. n. a.
Nitriles — B - B e + - o
Nitro compounds —_ — — — + -+ —

At 25°-75° C.:

4+ Reacts rapidly

+ Reacts at moderate 1ate

— Reacts quite slowly or negligibly

The instrumental use of boron hydride derivatives weadily assimilated by the drugs
industry and Brown'’s research was supported bytgr@om Upjohn, Parke-Davis, and
Merck.

6.4 - Fuelled by War

One of the most notorious properties of boron tdekiwas their high energy content.
They could achieve as much as 30,000 BTU per pdghydrocarbons yielded 18,500
BTU per pound), making them excellent potential freanponents. Naturally, now that
industrial production was in reach, this charasteariimmediately got the attention of
the US Army and Navy and, after WWII, research paogs were implemented to
determine if boron hydrides could be used as fdéitaes in the recently developed
jet-engine. Initial work was done at universitieglan 1946 the US Army contracted
with General Electric Company (GE) the classifi€uldject Hermes” research program.
The US Navy initiated its own research program 898 with Callery Chemical

Company, a subsidiary of the Mine Safety AppliamdePittsburgh, and in 1952 a
program with code name “Project Zip” began - bohgdride fuels were nick-named
“zip” fuels due to their potential high speed powEwenty chemical companies were
asked to try boron for high-energy aircraft fuehll€ry Company and the Mathieson
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Chemical Corporation of Niagara Falls, N.Y., weteceed. Universities and smaller
chemical companies were subcontracted for research.

In the late 1940’'s and early 1950’s GE built a $npabt plant at its research and
development facility at Malta, NY. This was opetht®r several years, producing
diborane, pentaborane and small amounts of deaadoiide production and handling
of the hydrides of boron got so problematic (selvacaidents and one death) that GE
decided it was too risky and terminated its contsaith the Army. The Malta Pilot
Plant was taken over by the Olin Mathieson CorpomnatThis company also erected,
mostly with its own funds, a $5,500,000 plant adddira Falls, NY, under the first
contract with the Navy for Project Zip. In 1954second plant was built under a cost-
covering Navy contract. This was a small pilot plastallation which paved the way to
a bigger one inaugurated at 1957, at Model City, §%,500,000 were invested here.
By this time the Air Force expressed its interasthe fuel and the plant got under its
supervision that same year.

In the meantime, the Navy continued its cooperatiith the Callery Company. Thus,
in 1948, the Callery Chemical Company had starésgarch on high-energy fuels for
the U. S. Navy, building pilot scale facilities @8 property in Pennsylvania. In June
1956, a $38,000,000 contract for the constructibthe HiCal plant at Muskogee was
signed. At the time, Rear Admiral Robert E. Dix&@hief of the Navy’'s Bureau of
Aeronautics, stated that the Muskogee workers wprdduce the fuel “that will enable
American air power to maintain the ascendency rsacgdo guarantee the democratic
way of life to the peoples of the free worle? Another plant at Lawrence, KS, was
contracted with Callery Company in 1957.

On June 21, 1955, the Malta pilot plant explodedising the death of two employees
and the total destruction of its facilities. Thepksion is attributed to the use of the
cleaning solvent carbon tetrachloride ¢Gh some reaction vessels. They had been
warned against it by Burg, but they decided to geaal anyway. Subsequent research
showed that pentaborane and carbon tetrachloridehio@ to form a highly shock-
sensitive compound.

The Malta pilot plant kept experiencing severali@deats, some of them fatal, involving
detonation of material in lines, failure of prodagsequipment and incidental exposure

to toxic vapour that affected the victims’ nervaystem.

324 3. Raymond, “200 Million went into “exotic” fuelThe New York Timg#ugust 16, 1959).
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At Callery Company, one single accident with thaaths and three injured was
recorded. The fatal victims had taken on themseilesconstruction of a rocket using
one of the company products...

The research on high-energy fuels derived from tvdngdrides found its context in the
Cold War and the Race to Space. Zip fuels or “eXdtiels, as they were known, were
intended to extend the range of existing bomberatbgast one-third and perhaps one-
half or more. This would allow a B-58 bomber to fty any point in the world and
return without refuelling. But its major applicatiovas to power the new J-93-5 engines
of the new B-70 Valkyrie supersonic long-ranger bem It was to achieve speeds up to
2000 mph, allowing it to evade its pursuers ordwaace on a target by surprise. Two
prototype B-70 were built and tested, but the laghts of their operation prevented the
constitution of a fleet. Indeed, each of its fongimes would consume 20 tons of fuel
per hour at a cost of $5 per pound. The boron fuele to be used with conventional
fuels and used to power the bomber only for sharations. Other than being based on
boron, any information on the composition of thevreels was classified.

The interest in boron hydride fuels was further aaded when the second soviet
satellite was launched, reportedly powered by a mgve of super-fuel that some
observers believed to contain a combination of bpcarbon and hydrogen.

An authentic “race to boron” was triggered by bkde developments, with Wall Street
rising to euphoria, powered by sky-rocketing resdi@ missile and boron companies:
“It was a missile market yesterday in Wall Streetine could read in the New York
Times in November 7, 1957 - “Eleven of the fifteeost active stocks were in the
missile rocket fuel or aircraft fields. [...] Compes involved in solid fuels shared the
limelight with the missiles®® The madness continued the next day: under tte titl
“Talk of a new rocket fuel stirs feverish buying\issiles also active”, one could read
“Stocks of companies in the high energy fuel fiblwbmed for the second day. It has
been reported that the second soviet satellitelavasched by a new power source — a
liquid super fuel. [...] Trading in one high-enerfyel companies was suspended. [...]
High energy fuel companies, like Borax, and airtenaissile stock also played a major

role in pulling the market up®®

325 NJ/A, “Missile Shares Star in MarketThe New York Timg®lovember 7, 1957).
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In November 13, 1957, the world biggest borax ngnaperation was inaugurated in
Mojave Desert, with the presence of representatvese Air Force and the Navy. For
the first time, the biggest deposit of pure boraig €nough to ensure the production for
100 years) was going to be exploited by the opémpiing method.

In 1958, the major borax mining companies joinednsital giants to achieve large-
scale production: Stauffer Chemical Company, onthefthree major world producers
of boron raw materials joined the Aerojet Generalrgoration, the largest chemical
corporation in the West of the United States spieeid in rocket fuel research, to
develop and produce boron compounds for rockenaisslile propulsion fuels; the Dow
Chemical Company, the leading producer of chlorimed the US Borax Research
Company combined their previously independent &ffdo develop a profitable
procedure to synthesize trichloride — a rocket formediary.

However, boron fuel science was still in its infan8esides the dangers involved in
large-scale production and handling of the hydridgésoron, several fundamental
problems were plaguing the use of the new fuelgtagropellants. Thus, when burned
in the jet engine, they left boron oxide depodiattblocked fuel injection parts and
eroded the engine’s precision parts. This requardafter burner and another fuel
system. Also, during the flight, vast areas of larete sprayed with a toxic residue that
particularly affected citrus crops and tobacco.

Despite these problems, the report on accomplistsmenthe aeronautics and space
fields sent by President Eisenhower to the Congosd-ebruary 2, 1959, stated:
“During 1958 an after burner of new design wasegstt was found appreciably freer
of the boron-oxide deposit problem than were eavigsions. Although much research
and development in this program is classifiedait e stated that boron now appears
feasible as a high-energy jet fuéf”.

Only six months after, the blow fell on everybodihe Air Force cancelled a
$45,000,000 contract with GE for producing the J98ngine, after having spent
$10,000,000 on it. This engine was being producedhe B-70 bomber and the F-108
fighter plane. The Navy cancelled the 1956 contadc$38,000,000 with the Callery
Company for the construction of the HiCal planvaiskogee.

Apparently, GE had up-graded the J-93-3 enginectoeae, with conventional fuels,
efficiency and performance standards that were theme that were expected with zip

327N/A, The New York Timgd2 August, 1959).
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fuels. The high cost and the technical difficult@soperating the J-93-5 engine with
boron fuels were no longer acceptable. The B-70dsynand the F-108 fighter plane
would be reprogrammed to operate with the conveatiaJ-93-3 engine. After an
investment of $240,000,000 and the occurrencewarakdeaths and injured workers, 8
plants were to be dismantled or reprogrammed femptioduction of small amounts for
research purposes and 2000 people were out ofAobisastrous blow”, was claimed
by the companies involved...

In the early 1960’s, the US Air-Force and NASA beeainterested again in diborane
and pentaborane as storable space propellantstéocontinental ballistic missiles, low-
orbit rockets and the U-2 and Blackbird spy plaffié® Muskogee plant was brought to
life again to produce a large amount of pentabotanee used at Edwards Air Force
Base as a missile propellant. This was a shord ls@ntract and the pentaborane was
never used. Small quantities were used for testsaaty facilities belonging to the Air-
Force and the Navy. The remaining pentaborane &as stored in bunkers and storage
igloos all across the United States ever sincee&eh on the hydrides of boron as solid
propellants continues at the present.

It is somewhat ironic that war research was thatgresponsible for leading boron
hydride chemistry to industrialization and commalization, with a wide range of
applications in the pharmaceutical and medical sarednile collecting a long list of
failures on what concerned its military applicasos Schlesinger had put it, “for
defense purposes the boron hydrides would alwaysa deidesmaid but never a
bride!"3%®

Stock did not live long enough to see these inbtedievelopments in the chemistry he
had created. Although he strongly opposed thetaridin view of science, he believed
that science should contribute to the advancemientamkind. In his inaugural lecture
at Cornell, in 1932, Stock stated: “The highestopem for the scientific mind to solve
will be: How to free mankind from political, econanand social limitations and how to
give it a purer and broader minded understandiniguofianity and sympathetic mutual
co-operation.**° He also had high expectations for the future afrsm: “Although no

field of natural science is lacking in vastly imf@rt unsolved problems, their outlines

328 G. Urry, “Hermann Irving Schlesinger—October 1882—October 3, 1960Biographical Memoirs of
the National Academy of Sciencé4 (1994), 369-394.
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are recognizable; and no one knows what lies hiddehe obscurity of the future. If
Archimedes escapes the death by the rough har sfoidier, the natural sciences may
long continue their triumphant marcf®

Tragically, this last sentence became his own pbit&orced to leave his home, shortly
after being heavily bombed, and to become a waigesf by the advance of the Russian
Army, Stock lost all his possessions. “My entireieatific notes were lost in
Warmbrunn. | have only managed to save a summanyyfcomplete publications
together with some biographical notes in my poitfoh fact which | am particularly
keen to let you know. My wife and | send our vegsbwishes to you, my dear friend,
and to your wife, Yours, Stock* These were the last words Stock sent to Wiberg.
On the 18 August 1946, under appalling conditions, sevedi$abled and distressed
with the future of German chemistry, Stock diedogaceful loneliness with his wife.
His death went unnoticed to the outside world.

As with Archimedes, the rough hand of the soldi@me too late. Stock had already
escaped death through the triumphant march of hsterful creation.

330 stock, A.,Hydrides of Boron and SilicofNew York: Cornell University Press, 1933). On 11.
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Concluding Remarks

Humphry Davy, Friedrich Wohler, Henri Sainte-ClaDeville, Paul Sabatier, William
Ramsay, Alfred Stock, Egon Wiberg, Herman F. Maxeyvil V. Sidgwick, Samuel
Sugden, Maurice L. Huggins, Robert Robinson, ThoMasowry, Linus Pauling, G.
N. Lewis, Robert S. Mulliken, Gerhard Herzberg, 8mH. Bauer, Hermann I.
Schlesinger, Anton B. Burg, Herbert C. Brown.

This list, presented without any guiding context,uindoubtedly recognized by any
chemist or historian of chemistry as an impresaivay of many of the top chemists of
the last two hundred years. Unfortunately, befbeegresent work, probably no chemist
or historian of science would be able to identifiiatvlinked all these men together.
Most probably, they would be much surprised by émswer. Most probably, they
would be even more surprised to know that all thegkant men failed at it.

The path to the solution of the structure and thtune of the chemical bond in the
hydrides of boron required an additional list olually famous names in chemistry,
such as Kenneth S. Pitzer, Y. K. Syrkin, M. E. kia&, H. C. Longuet-Higgins, R. P.
Bell, William C. Price and William N. Lipscomb.

This simple list proves that the development of ¢themistry of the hydrides of boron
was no “alternative” or “underground” historicalvééopment running parallel to the
main stream development of chemistry in the twémtieentury. The present work
proves that the chemistry of the hydrides of bosas an integral and important part of
theoretical chemistry in the twentieth century. fEhes no doubt this was indeed the
perception of many of those who built bond thedBuzzling”, “perpetual puzzle”,
“‘one of the most puzzling phenomena of chemistrifiese expressions were
systematically repeated when referring to the tigdriof boron. Most articles on these
compounds begin by stating their importance to d¢banibond theory: “Much attention
has been paid recently to the structure of thidsRdiborane) molecule” (E. Blum and
G. Herzberg, 1936); “The chemistry of fluorine am@éron compounds are of
considerable interest from the valency and strattypoints of view.” (K. L.
Ramaswamy, 1935); “The structure of diborangH# is a problem of very general
interest because it raises the important questibnthe occurrence, in simple
compounds, of covalent bonds involving less thaia of electrons.” (Schlesinger and
Burg, 1938). The obvious corollary here is simple:diachronic account of the history
of chemistry in the twentieth century can ignore thstory of the hydrides of boron
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The history of these compounds is essential tarpata more inclusive perspective the

history of chemical bond.

But even if one chooses to adopt an anachronistienstanding of history, the hydrides
of boron will easily force their way into it. This so due to their pervading presence in
modern chemistry, with crucial applications to clieahand pharmaceutical industry, to
medicine, nanotechnology, etc. Even on a purelgritecal level, their history is still be
unavoidable because these compounds eventuallgdoohemists to abandon the
paradigm of the atom-to-atom chemical bond withlMfih Lipscomb’sthree centre-

two electrongoncept in 1956.

In a sense, Lipscomb solution gave finally reason Stock’s claims that the
understanding of the nature of the chemical bonthénhydrides of boron would force
chemists to abandon such simple concepts as theeed from the chemistry of
carbon. However, Lipscomb solution would, most iy, be politely rejected by

Stock. This may be inferred by his reaction to W@be structures:

| still have vivid memories of the occasion whes, ayoung assistant, | showed
Stock the reprint of one of my publications on #teicture of boron hydrides and
other boron compounds, in which | proposed thaiagf electrons could bind more
than two atoms and that the boron-chlorine borfabiron chloride was stronger than
a single bond. He looked at me with a generousviorg smile; because ideas such
as “multicentre bonding” and “back-donation” had that time, roughly half a

century ago, not yet been conceivéd.

Published in 1977, just after Lipscomb’s Nobel Briiz 1976, Wiberg’s new version of
his biographical article on Stock in 1950 may bensas an attempt to remember the
history behind the prize and the long intellectaatl experimental struggle necessary
before things got to that point. In particular, \&i@'s last sentence may be also
interpreted as a sarcastic observation to factrthdticentre bonding was already been
conceived by him fifty years ago.

This raises the question of how ideas are ablevtdve and be appropriated by other

participants in new theoretical contexts. How madddit should Wiberg have received

332 E. Wiberg, “Alfred Stock and the renaissance afrgianic chemistry” Pure & Appl. Chem 49
(1977). On 697.
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for Lipscomb’s work? This question is especiallievant because Wiberg’'s structures
assumed an important role after William C. Pria#e$inite dismissal of the ethane-like
structure in 1948. Should Wiberg have shared Lipdrs Nobel Prize? Stock’s opinion
would no doubt be positive. As Wiberg tells in hisicle, he once said: “The value of
theories should not be overestimated, even if tbegm very attractive and bring
intellectual satisfaction. So often it is only @eaf old wine in new skinsi®

Extra cases can easily be identified in the histdrhe hydrides of boron. One example
is the evolution of the one-electron bond concépin the first conceptions of the
electron as the source of the chemical bond by Boontio Pauling’s one-electron bond.
Another one is the relation between Dilthey andeGobridge model and how both are
related to the bridge structure for diborane a@@mresently. Since the beginning of
the latter's emergence, they were revived and ifiettas its phylogenetic parents, for
example by Schlesinger in his 1942 review artiBlt this is not straightforward, since
Dilthey’s suggestion, for example, had no electauncerns. This argument was used
by Longuet-Higgins in his essay “The Hydrides ofr®d, in 1943. Besides stressing
an interesting historiographic question to be #&akled through the hydrides of boron,
the point is that their past can not be ignoredhbse it is directly related to its present
concepts and theories. There was no refoundatiorreak, no gap between the past
and the present, but rather a long and laborioakigan.

Ignoring the history of the hydrides of boron carlydead to a mistaken perception of
their own identity. Such is the case with the pndgeorevailing idea that up until their
use outside the academic environment, they had laberatory curiosities. The present
work demonstrates that during their laboratory phtasy were rather seen as a pressing
theoretical problem and this perception entirelydgd all investigations. All chemical
data collected on the hydrides of boron and thenivdtives, with the exception of
Stock’s very first research, were driven by theidtiral problem. This scenario only
began to change with the investigations on the linet@rohydrides and the action of
diborane upon some organic compounds in the latieth Even those were partially
motivated by the structural problem.

Another interesting historiographic issue raisedh®syhydrides of boron is the dramatic

role played by war in their mutation into indudtaad commercial products. It was not

333 E. Wiberg, “Alfred Stock and the renaissance ofganic chemistry’Pure & Appl. Chem .49
(1977). On 697.
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only a matter of bigger investment, better materaiditions or larger research groups.
As Brown explicitly admitted, war changed the ohjezs of their investigation. Up
until then, they had purely academic aims and etanr results on the possible
applications of their work to organic chemistry aidt commit them to seek ways to
make applications possible. It was the need ofSigeal Corps for field generation of
hydrogen that led them to the industrial process tfee production of sodium
borohydride.

This discussion is intertwined with the everlastitepate on the funding of fundamental
investigation. The boron hydrides may be preseaseithe perfect example of one entire
field of knowledge that resulted from purely acaderesearch funded for many years
with no expectable or at least foreseeable prddigglication. And in fact, Brown did
so on several occasions, expressing his conceim tvé increasing dependence of
research from private or military funding. Howevitre present work also shows that it
was due to external demand that the departure &mademic research occurred. Brown
was very clear on this issue too. Together withl&sthger, they would not have taken
by themselves the hydrides of boron to the outeiddd. Thus, the hydrides of boron
do not allow one to take ranks with one of the iparin this debate. Without public
funding or at least non profitable funding, Stockl &chlesinger’s work would have not
been possible. On the other hand, it would not hetepped outside the university
threshold if it were not for the war. In the faitte Atomic Energy Commission did not
ask Schlesinger to specifically use his researchthenboron hydrides. They simply
outlined the technical problems they had withsldRd asked him for a substitute. It was
a coincidence that Schlesinger and Brown were @jr@athe possession of the metallo
borohydrides and decided to try their use. Scgéinss undisputable that non-profitable
funding was absolutely essential to support so mgesrs of purely academic
investigation. However, the transmission of so¢seheeds, and specifically war related
problems, to the academic world, was also an es$atep in this story. Schlesinger’s
willingness to help his country was the last but the least of the needed ingredients.
Everybody profited from this collaboration.

A key chapter in the history of the hydrides ofdiors the relation between the work by
those engaged in analytical chemistry and the tesbitained by those involved in the
new physical methods for structure determinatiohe Tpresent work shows that
ultraviolet and infra-red absorption spectra, a$l we X-ray and electron diffraction

analyses, played an important role both to Stock@chlesinger and Burg. In fact, the
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difficulty in preparing and handling the hydrides lworon led to some momentary
overlap between the two communities. There wereers¢vexamples of an active
cooperation that resulted in joint papers: Mark Rotiland, Stock and Wierl, Anderson
and Burg. In some other cases, Stock or Schlessgmgrlied the necessary samples to
Herzberg, Ramaswamy, and Bauer. There wera praori disciplinary clashes between
the two communities. Stock’s enthusiasm with the paysical methods was evident.
Mark and Pohland’s work played an important rold@is understanding of the hydrides
in 1926. He subsequently adopted a more cautidiigckt due to conflicting ultraviolet
absorption spectra and chemical data. But he aaediio work to collect physical data
on the hydrides and their derivatives. He and Wseibmitted BNsHg to electron
diffraction analysis, made parachor measurementslibborane and X-ray diffraction
analysis of the alkali addition compounds of dilmera

Mark and Pohland’s work was even more importarthtse supporting the ethane-like
structure, like Schlesinger, Burg and Bauer. UBéilier's work on diborane in 1937, it
offered the only physical data supporting the ethidce structure. In fact, it is
surprising how important it became, since no diedtapolations to gaseous diborane
could be drawn from the crystallized sample of didpe that Mark and Pohland
analysed. This was explicitly acknowledged in gahtarms by Pauling, as discussed in
chapter 5. The obvious conclusion is that, untili®& appropriation of all the physical
data invoked by Wiberg in 1936, Mark and Pohlandtsk assumed a relevance to
Schlesinger, Burg and Bauer that can only be jestiby a subjectiva priori adoption

of the ethane-like structure. Thus, Mark and Pdlimrwork was instrumentalized
rather than instrumental. Despite being an inverédation, there was no conflict at this
point because Schlesinger and Burg did not havesaco Hausser’'s unpublished data
on the ultraviolet absorption spectra that had heeoked by Stock. The conflict came
only later, with Wiberg’'s 1936 paper, but thanksBauer’'s work it was rapidly put
under control. However, this was done at the expehsn irreducible conflict between
Bauer’s work and Schlesinger and Burg’s evidencéhenspecial nature of two of the
hydrogen atoms of diborane. A confusing situatiorsued which resulted in an
intellectual deadlock that forced everybody to hmldheir disciplinary commitments.
Later on, it also forced Schlesinger and Burg taralon the structural debate and leave
it to those engaged in its physical dimension.

Nevertheless, this forced disciplinary division veaghanced by much more relevant and

evident disciplinary gap between the analyticalrapph of Schlesinger and Burg and
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the theoretical rationalization attempted by PayliMulliken and Bauer. It was not a

disciplinary conflict but rather a insurmountablapg Schlesinger and Burg seem to
have been always uneasy towards Pauling and Mauolikéheoretical accounts of

diborane. They never really endorsed them, thelgerafocused on the ethane-like
structure itself, but never entered into the thecak debate on the electronic

configuration. However, after Bauer’'s use of Pagiiiresonance in 1937 to achieve a
homogeneous electronic structure for diborane, ttieoretical dimension directly

collided with their work on the methyl derivative$ diborane and also with Stock’s

work on the alkali addition compounds of this compd. Most probably, this is the

reason behind Burg’s involvement in Raman spectedyais of diborane. Inconclusive

results forced them to a disciplinary retreat amdatsubsequent dismissal in 1942 of
their previous interpretation of their work on thmethyl derivatives of diborane. The

sad irony is that it was this disciplinary barrieetween Schlesinger and theoretical
chemistry that really prevented him and his teamstdve the puzzle. That is,

Schlesinger was led to believe that chemical ewdealone did not suffice. The

historical truth is that he held the solution is hands but his disciplinary commitments
forbade him to go for it, preferring instead to athan the debate.

Indeed, Brown was the one that got the solutionthadstory, as told by him, happened
this way:

| had a classmate in Chicago named Norman Davidsenhad won a Rhodes
Scholarship in 1937 or 1938, and had gone to Oxféfden the war broke out, they
sent all these Rhodes scholars back to the UnitaetésS and he came back to the
University of Chicago. He had started to work aumaihum alkyls at Oxford, and he
wanted to continue in this area. By that time | lh@dome Schlesinger’s research
assistant. Schlesinger was too busy to be invaieda new field, so he turned him
over to me. We began working together. When we é&xaginthe molecular weight
of gaseous trimethylaluminum, it was a dimer. Wareked aluminum bromide; it
was a dimer. We took dimethylaluminum chlorideyds a dimer. And so on. So |
came to the conclusion that both methyl groups bhaldgen atoms can bridge,
forming dimers. Perhaps hydrogen could also bridgeounting for the dimeric
structure of BHg.

| went to Schlesinger with this theory, and he séithis is not our field. We should
be very careful. | will correspond with Mulliken @rwith Pauling, tell them your

ideas and see what they think of it". I've neveers¢he correspondence, but he told
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me the answer came back and they said the oneariecbnfiguration of Pauling
was valid, even for these compounds.

Well, | couldn't fight that. After all, | was hiesearch assistafit:

Schlesinger did write to Pauling and the answer neggative indeed:

Schlesinger to Pauling, January 3, 1941:

May | now turn to a personal problem--that is, aljem connected with my own
research? As result of our work on the metallo bypdoides | definitely feel that a
structure for diborane quite different from thosengrally proposed, would aid in
correlating many of the observations we have madm at present writing a review
of this field, and would like to include a staternga the effect that this other
structure merits serious consideration. Curiousigugh | have just now received a
reprint of a Russian article on hydrides of bordnfortunately | have not had this
translated as yet, but in spite of the fact thearinot even read the Russian alphabet,
| gather from some of the formulae in the artidhattthe author has come to a
conclusion very similar to mine.

The structure | have in mind is a bridge structimeyhich the two boron atoms are
joined to each other through an unusual type ofrdgeh bond, perhaps best
represented by the following formula: [bridge mofiehula]

As | picture it, the two Bklmolecules are bound together by a resonance iimgplv
the two boron and the bonding hydrogen atoms. $weliminary calculations as |
have been able to make indicate that the boronrbaisiance that might result from
such a picture is not in disagreement with the Itesof the electron diffraction
measurements that have come out of your laboratuythermore, the fact that
there is apparently an unusual hindrance to frégiom, as recently found by Stitt,
seems to fit in with this suggestion quite satisfaly. | must confess, however, that
| do not feel myself sufficiently firmly grounded the concepts of resonance to be
sure that the suggestion is in accordance wittb#st ideas on this subject. | would

greatly appreciate a comment from you on this point

Pauling to Schlesinger, January 7, 1941:

| do not feel very friendly toward the structureigthyou mention in your letter for

the diborane molecule. So long as the suggestedtste remains vague and

334 Herbert C. Brown, interview by James J. BohningParrdue University, 11 November 1994
(Philadelphia: Chemical Heritage Foundation, Oratéty Transcript # 0117). On 17.
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indefinite, it is not easy to say that it is elimiad by electron diffraction data or
other data. However the force constant for the @kBation is | think much stronger

than would be expected for a structure of this typewvhich there is no direct B-B

bond.3*®

This story is directly linked with one of the masitportant lessons one can derive from
the history of the hydrides of boron, which is tethto the relation between diborane
and theoretical chemistry. In terms of results,othécal chemistry’s attempts to
appropriate diborane were undeniable clamorousurésl Pauling and Mulliken’s
accounts of diborane served as serious obstaclashieve the right structure because
they were used as a powerful legitimation of theee-like structure. On what concerns
diborane, both Pauling’s resonance theory and karlis molecular orbital theory
accounts offered teleological constructions basedra priori adoption of the ethane-
like structure. However, one must make a distimchetween Mulliken’s and Pauling’s
accounts. Mulliken assumed that his work on diberamas built on his previous work
on the ethane molecule and made a prediction omtmgnetic behaviour of diborane
that constituted an objective though not a defiritiest of his theory. Worst than this
was Pauling’s reasoning which was based on the letehp fallacious assumption that
diborane should pass his stability criterion. Tlesse study may have profound
consequences for the debate over the nature oftumachemistry. Namely, the
“diborane affair” may lead one to ask if the fadwf theoretical chemistry to deal with
such a “simple” molecule as diborane does not stiat it just offered a construction
meant to give calculations in agreement with expental observations rather than be
willing to make realist claims about its objects sifidy. Put in another way: does
quantum chemistry really relates, even if only iadlyt, to its objects or is it just some
kind of incredibly sophisticated calculating devicEan quantum chemistry be some
kind of a modern version of Ptolemy’s circles, &dty to “save the phenomena’?
Those who advocate that this is precisely whakearthof atomic or molecular systems
should amount to, should look at diborane’s cas® lam prepared to abdicate from
predictive power and a unified theory of matter.

Of course, diborane alone won'’t solve the question its history may contribute to the

debate in a very fruitful way.

335 Courtesy Ava Helen and Linus Pauling Papers, &pébllections & Archives Research Center,
Oregon State University Libraries. Folder 357.7.
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Diborane’s history also has important bearings tw debate over the reducibility of
chemistry to physics. It clearly falsifies it. Quam physics was not able to account for
diborane’s structure. Lipscomb’s three centres-¢eatrons theory was an a posteriori
construction in the sense that it was developedr dfie ethane-like structure was
definitely eliminated by Price’s infra-red analy8is1948.

The above considerations, as the culmination of pinesent work, find their
historiographic basis in a critical assessmenhefgdast, in which theories, opinions and
ideas are evaluated for their empirical foundatiolegical consistency and inter-
relations, within their proper historical context$us, it is in complete agreement with
the historiographic vision expressed a few years by Jed Buchwald and Allan
Franklin®3*® One must stress, however, that the historiograppjwroach adopted here
was not the result of aa priori affiliation but rather a natural consequence & th
historical interpretative process and the availatbbeumentary sources. It became
rapidly obvious that the intelligibility of the htwical process under investigation
depended on such a critical assessment. The uabNigyl of documentation on the
social or cultural factors involved imposed an stigation focused on the scientific
debate itself. Proving the richness of such a hajoaphic approach is one further
claim of this work. Of course, this claim must @dnced by the fact that the historical
process analysed occurred within the last 100 tachglears. The documents accessed
were entirely intelligible and no significant difeaces in scientific culture were found.
In fact, the scientific and intellectual rigour afl participants, with the exceptions
already addressed, is one of the most impressiatures in this story. This gives
diborane’s history a significant educational value.

The claim for the intellectual and scientific riganf all key scientists directly involved
in the debate may seem somewhat displaced, sm@aldition to their conflicting and
irreconcilable positions, all of them were wrongheir structural commitment.

The history of diborane constitutes a very intengstase, in which the emergence of
the correct structure (in the sense that it is phesently accepted one) allowed to
understand the different positions as partiallyrectr accounts of the same reality
rendered irreconcilable by different commitmentshi® analogy between the boron and

carbon chemistries.

336 3. Buchwald, A. Franklin, “Introduction: Beyonddbinity and Historicism”, in Buchwald and Franklin
(eds.)Wrong for the Right Reasofidew York: Springer, 2005), pp. 1 — 17.
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This wrong analogy was the only reason that ledkSto revolutionize the field. His
initial failure to support his expectations of suahsimple correlation sustained and
guided Stock’s persistence. The same belief playeécisive role in Schlesinger and
Burg’'s decision to enter the field. And it sustairtbeir resilience and persistence. As
their belief never had true solid scientific foutidas, it cannot be reduced to the sort of
critical analysis adopted in this work. Its propealysis would require a very different
kind of historical documents. Even so, one can gdaa as proving how omnipresent
and instrumental this analogy was from the veryirb@gg of boron chemistry. It was
the sole responsible for its emergence. Its powewell evident in the fact that all
knowledge and data used to build the route to theustrialization and
commercialization of the hydrides of boron was adie available before the presently
accepted structure emerged in 1940. Until then,diseussion was restricted to the
discussion between an ethane-like and an ethylkaestructure. This debate shaped
this field evolution. All other options devised bg many authors never really had any
influence among those actively involved in the ghehl work on the hydrides of
boron. Stock never gave any credit whatsoever th quroposals and by the time
Schlesinger and Burg initiated their work the debats already restricted to existing
evidence. Although a proper analysis of such bedefshall | call it metaphysical
principle cannot be attempted here, | cannot enthout identifying and calling
attention to the pervading role of analogical reasp in analytical and theoretical
chemistry.

Thus, the present work proves how important anttungeental metaphysical beliefs or
principles can become to scientific communitiese Tlack self awareness of their
implicit role may act as a constraint preventingtéa research developments. The
awareness of such constraining factor in diborapezzling history should be taken
into due account by science policy makers. Scienti®® not have the appropriate
intellectual training or technical background neegg to such exercise in reflexivity.
Furthermore, most of them do not even have suabcatwn and even fewer would be
willing to learn from it. Diborane’s puzzling histoproves that historic analysis can
become instrumental to modern research if viewetiwinterdisciplinary cooperation.
Of course, one can deny such pretension. And #tatediborane’s case was just an
isolated case, as odd as diborane. Based on tatiicistatus of all of those involved

in the search for diborane’s structure and in therdadible quality of their work, |
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venture that the proper answer to such an arguimeaptured by John Donne’s famous

words:
Therefore, send not to know

For whom the bell tolls,

It tolls for thee.
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