
Swarthmore College Swarthmore College 

Works Works 

Senior Theses, Projects, and Awards Student Scholarship 

Spring 2022 

Exploring the kinetics and thermodynamics of O–H bond Exploring the kinetics and thermodynamics of O–H bond 

activation by tripodal tris(nitroxide) aluminum and gallium activation by tripodal tris(nitroxide) aluminum and gallium 

complexes complexes 

Joseph S. Scott , '22 

Follow this and additional works at: https://works.swarthmore.edu/theses 

 Part of the Chemistry Commons 

Recommended Citation Recommended Citation 
Scott, Joseph S. , '22, "Exploring the kinetics and thermodynamics of O–H bond activation by tripodal 
tris(nitroxide) aluminum and gallium complexes" (2022). Senior Theses, Projects, and Awards. 260. 
https://works.swarthmore.edu/theses/260 

This work is licensed under a Creative Commons Attribution-Share Alike 4.0 International License. 
Please note: the theses in this collection are undergraduate senior theses completed by senior undergraduate 
students who have received a bachelor's degree. 
This work is brought to you for free by Swarthmore College Libraries' Works. It has been accepted for inclusion in 
Senior Theses, Projects, and Awards by an authorized administrator of Works. For more information, please 
contact myworks@swarthmore.edu. 

https://works.swarthmore.edu/
https://works.swarthmore.edu/theses
https://works.swarthmore.edu/student-scholarship
https://works.swarthmore.edu/theses?utm_source=works.swarthmore.edu%2Ftheses%2F260&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=works.swarthmore.edu%2Ftheses%2F260&utm_medium=PDF&utm_campaign=PDFCoverPages
https://works.swarthmore.edu/theses/260?utm_source=works.swarthmore.edu%2Ftheses%2F260&utm_medium=PDF&utm_campaign=PDFCoverPages
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
mailto:myworks@swarthmore.edu


 1  

 

 
 
 
 
 

E x pl o ri n g t h e ki n eti cs a n d 
t h e r m o d y n a mi cs of O– H b o n d a cti v ati o n b y 
t ri p o d al t ris( nit r o xi d e) al u mi n u m a n d 
g alli u m c o m pl e x es  

 

 

 

 

 

 

J os e p h S. S c ott 

S e ni or C o urs e T h esis 

A d vis ors: C hrist o p h er R. Gr a v es & P a ul R. R a bl e n 

D e p art m e nt of C h e mistr y & Bi o c h e mistr y 

S u b mitt e d: 5/ 1 3/ 2 0 2 2 



 2  

A c k n o wl e d g m e nts 

 I n t h e p ast y e ar, I h a v e l e ar n e d a v ast a m o u nt of c h e mistr y — or g a ni c, i n or g a ni c, 

a n d s y nt h eti c, j ust t o n a m e m y f a v orit es. H o w e v er, I h a v e l e ar n e d a n e v e n gr e at er a m o u nt 

a b o ut b ei n g a c h e mist i n t h e l a b or at or y, a n d b ei n g a s ci e ntist i n g e n er al. Of c o urs e, I o w e 

t his m y a d vis or, Dr. C hris Gr a v es, f or c at al y zi n g t his i nt ell e ct u al a n d p ers o n al 

d e v el o p m e nt of mi n e. I a m e xtr e m el y gr at ef ul f or t h e i d e al b al a n c e of his h a n ds- o n 

m e nt ors hi p a n d his h a n ds- off p hil os o p h y t h at h e i m pl e m e nt e d, all i n t h e n a m e of m y 

d e v el o p m e nt as a s y nt h eti c c h e mist. I a m als o v er y t h a n kf ul f or hi m m a ki n g m e n ot o nl y 

b e pr e p ar e d, b ut f e el pr e p ar e d t o p urs u e a P h. D. i n c h e mistr y. 

  I w a nt t o t h a n k Dr. P a ul R. R a bl e n f or his p ati e n c e a n d g e n er osit y i n w or ki n g 

wit h m e t o p erf or m el e ctr o ni c str u ct ur e c al c ul ati o ns t o e x pl or e t h e w et c h e mistr y I w as 

d oi n g c o m p ut ati o n all y. His k n o wl e d g e a n d s u p p ort ar e k e y i n t h e m a ki n g of t his t h esis, 

as w ell i n m u c h of t h e w or k t h at g o es o n i n t h e Gr a v es Gr o u p. I als o a p pr e ci at e his 

willi n g n ess t o t al k a b o ut a n y s ort of c h e mistr y t h at I h a p p e n t o b e t hi n ki n g a b o ut as w e 

o c c asi o n all y cr oss p at hs o n c a m p us. 

  I w o ul d li k e t o t h a n k t h e u n d er gr a d u at e m e m b ers of t h e Gr a v es Gr o u p wit h w hi c h 

I h a v e w or k e d: O m ar S al e h, Ri c h ar d C ar dri n o, a n d J uli a L e Bl a n c. N ot o nl y d o I gr e atl y 

a p pr e ci at e t h eir e a g er n ess t o t al k a b o ut c h e mistr y a n d l e n d a h a n d i n t h e l a b, b ut t h e f u n 

of w or ki n g i n t h e l a b wit h t h es e fri e n ds is s o m et hi n g I will d e arl y miss. I w o ul d als o li k e 

t o t h a n k p ast m e m b er of t h e Gr a v es Gr o u p Mi k a M a e n a g a f or h er e arl y m e nt ors hi p i n t h e 

l a b b ef or e t h e st art of t h e C O VI D- 1 9 p a n d e mi c, h er assist a n c e i n a p pl yi n g t o gr a d u at e 

s c h o ols, a n d h er fri e n ds hi p. 

  I w a nt t o t h a n k P atri c k C arr ol a n d Mi c h a el G a u at t h e U ni v ersit y of P e n ns yl v a ni a 

f or s ol vi n g m y cr yst al str u ct ur e. 

I a m gr at ef ul f or t h e D e p art m e nt of C h e mistr y a n d Bi o c h e mistr y at S w art h m or e 

C oll e g e. T h e y ar e r es p o nsi bl e f or m y gr o wt h as a st u d e nt, c h e mist, a n d t e a c h er; I will 

al w a ys l o v e t o l e ar n a n d d o c h e mistr y, a n d h el p ot h ers u n d erst a n d it. I c a n alr e a d y t ell 

t h e y h a v e pr e p ar e d m e e xtr a or di n aril y w ell f or m y f ut ur e e n d e a v ors. 

L astl y , I o w e a n e n dl ess a m o u nt of gr atit u d e t o m y f a mil y f or t h eir s u p p ort 

t hr o u g h o ut m y u n d er gr a d u at e e x p eri e n c e, a n d m y lif e t h us f ar. Wit h o ut t h e m, I w o ul d n ot 

h a v e a c hi e v e d as m u c h as I h a v e, n or w o ul d I b e t h e p ers o n I a m t o d a y. T h a n k y o u. 

   



 3  

A bst r a ct 

  Al u mi n u m is o n e of e art h’s m ost a b u n d a nt a n d c h e a p est m et als, a n d it is als o n o n-

t o xi c a n d e n vir o n m e nt all y fri e n dl y. T his m a k es it a n i d e al c a n di d at e t o b e i m pl e m e nt e d i n 

or g a n o m et alli c c h e mistr y as a gr e e n er alt er n ati v e t o m et al- b as e d s yst e ms b as e d o n h e a v y 

a n d/ or pr e ci o us m et als. O n e of t h e r e al ms i n w hi c h al u mi n u m a n d ot h er gr o u p 1 3 

el e m e nts s h o w pr o mis e is m et al-li g a n d c o o p er ati v e c h e mistr y, w hi c h c a n aff or d 

tr a nsiti o n m et al-r e mi nis c e nt s m all m ol e c ul e a cti v ati o n c h e mistr y. O ur st u di es of or g a ni c 

li g a n ds wit h nitr o xi d e-f u n cti o n aliti es wit hi n Al a n d G a c o or di n ati v e s yst e ms h as l e d us t o 

t h e dis c o v er y of tri p o d al tris( nitr o xi d e) Al a n d G a c o m pl e x es wit h a biliti es t o e n g a g e i n 

m et al -li g a n d c o o p er ati vit y, i n cl u di n g i n t h eir r e a cti o n wit h s m all m ol e c ul e al c o h ol 

s u bstr at es. I n a n eff ort t o b ett er u n d erst a n d t h e m e c h a nis m of t h e O- H b o n d a cti v ati o n 

m e c h a nis m e x hi bit e d b y t h es e c o m pl e x es, w e r e p ort t h e r es ults of v ari o us ki n eti cs 

e x p eri m e nts t h at e x pl or e h o w al c o h ol O- H a ci dit y ( p K a ) a n d m et al c e nt er ( Al, G a) aff e ct 

r e a cti o n r at e, as w ell as a n o bs er v a bl e ki n eti c is ot o p e eff e ct. W e als o r e p ort t h e r es ults of 

t h e s cr e e ni n g of v ari o us al c o h ol s u bstr at es wit h t h es e c o m pl e x es, a n d fi n d a str o n g 

c orr el ati o n b et w e e n g e n er al r e a cti vit y a n d al c o h ol a ci dit y. 
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List of c o m m o n a b b r e vi ati o ns 

di p p = 2, 6,- Diis o pr o p yl p h e n yl 

d p p- bi a n = 1, 2- Bis[( 2, 6- diis o pr o p yl p h e n yl)i mi n o] a c e n a p ht h e n e)  

(R p y N O − ) = N -t ert- b ut yl-N -( 2-( 5- R- p yri d yl)) nitr o x yl, R = H, C H3 , C F3 ) 

M L C  = m et al -li g a n d c o o p er ati vit y 

E L C = el e m e nt-li g a n d c o o p er ati vit y 

( Tri N O x) = [ {( 2-tB u N O) C 6 H 4 C H 2 } 3 N] 3 −  

T H F = t etr a h y dr of ur a n 

G 4  = a h y bri d m et h o d 
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1. I nt r o d u cti o n 

1. 1 C at al ysis a n d s ust ai n a bl e alt er n ati v es t o t h e l at e tr a nsiti o n m et als 

 T hr o u g h o ut t h e hist or y of m o d er n c h e mistr y, c at al ysis h as b e e n a m aj or fi el d of 

st u d y, a n d is fr e q u e ntl y f o u n d at t h e h e art of m a n y a p pli c ati o ns wit hi n t h e c h e mi c al 

s ci e n c es. I n 1 8 3 6, t h e S w e dis h c h e mist J ö ns J a c o b B er z eli us d efi n e d a c at al yst as a 

s u bst a n c e t h at i n cr e as es t h e r at e of a c h e mi c al r e a cti o n wit h o ut b ei n g c o ns u m e d i n t h e 

pr o c ess. 1  N ot o nl y is c at al ysis o c c urri n g i nsi d e o ur b o di es i n t h e f or m of e n z y m ati c 

r e a cti o ns t h at ar e n e c ess ar y t o s ust ai n o ur li v es, b ut m a n y p e o pl e m a y r e c o g ni z e n o n-

bi ol o gi c al c at al ysis i n t w o as p e cts of e v er y d a y lif e: t h e c at al yti c c o n v ert ers t h at cl e a n u p 

m ot or v e hi cl e e missi o ns, a n d t h e H a b er- B os c h pr o c ess, w hi c h pr o d u c es t h e f ertili z ers 

n e c ess ar y f or t h e pr o d u cti o n of t h e f o o d w e e at e v er y d a y. C at al yti c c o n v ert ers 

c o m m o nl y e m pl o y t h e pr e ci o us tr a nsiti o n m et als Pt a n d R h, w hi c h r e a ct wit h N O X , C O, 

a n d h y dr o c ar b o ns a n d c o n v ert t h e m t o r e d u c e d N- c o nt ai ni n g s p e ci es, a n d t o C O 2 a n d 

ot h er o xi di z e d, l ess t o xi c C- c o nt ai ni n g s p e ci es, r es p e cti v el y. 1  Wit h t h e h el p of tr a nsiti o n 

m et al c at al ysts, t h e H a b er- B os c h pr o c ess c o n v erts H 2  a n d at m os p h eri c N2  i nt o “fi x e d ” 

nitr o g e n ( N H 3  a n d N H4 + ) t h at g o es o n t o b e us e d f or f ertili z er i n a gri c ult ur e. T h es e t w o 

f or ms of e v er y d a y c at al ysis c a n b e c h ar a ct eri z e d as s m all- m ol e c ul e a cti v ati o n r e a cti o ns, 

w hi c h m a k e u p a fi el d t h at h as m a n y i n d ustri al i m pli c ati o ns f or c h e mi c al f e e dst o c ks, 

cli m at e c h a n g e a n d e n er g y s ust ai n a bilit y, 2  a n d f or p ot e nti al us es i n c h e mi c al s y nt h esis. 

Of c o urs e, c at al ysis c a n a p pli e d i n t h e s y nt h eti c r e al m o n n ot- s o -s m all m ol e c ul es, a n d c a n 

aff or d i m pr essi v e c h e mi c al tr a nsf or m ati o ns, s u c h as st er e os p e cifi c C – C b o n d f or m ati o n, 3  
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ol efi n m et at h esis, 4  a n d cr oss- c o u pli n g r e a cti o ns,5  t h at w o ul d si m pl y n ot pr o c e e d i n t h e 

a bs e n c e of t h es e c at al ysts. 6  

  Si n c e B er z eli us’ ti m e, m a n y i n d ustri al a n d s y nt h eti c c at al ysts f e at ur e t h e pr e ci o us, 

l at e tr a nsiti o n m et als at t h e h e art of t h eir r e a cti vit y. T his is b e c a us e t h es e  m et als, s u c h as 

R h, P d, Pt, R u, Ir, a n d Os, ar e st a bl e, ar e r esist a nt t o u ni nt e n d e d o xi d ati o n, d e m o nstr at e 

pi- b o n d a ci dit y, a n d dis pl a y us ef ul r e a cti o n s el e cti viti es. S a dl y, t h er e is a d o w nsi d e t o 

usi n g t h es e pr e ci o us el e m e nts — t h e y ar e e x p e nsi v e, t o xi c, a n d li mit e d i n a b u n d a n c e, 6  all 

f a ct ors t h at p ot e nti all y e n c o ur a g e u n et hi c al mi ni n g pr a cti c es a n d e n vir o n m e nt al p oli ci es. 

I n r e c e nt d e c a d es, t h er e h as b e e n a l ar g e m o v e m e nt t o tr y a n d a c hi e v e r ar e tr a nsiti o n 

m et al -li k e r e a cti vit y i n c at al ysts t h at c o nt ai n n o n- pr e ci o us el e m e nts, n a m el y wit h t h e 

c h e a p er, l ess t o xi c first-r o w tr a nsiti o n m et als a n d t h e e v e n l ess e x p e nsi v e m ai n gr o u p 

el e m e nts 7 . H o w e v er, alt h o u g h t h e pri c es of t h es e el e m e nts ar e l o w er8 , t h e c at al yti c 

a biliti es of t h e m ai n gr o u p el e m e nts ar e n ot as i m m e di at el y a c c essi bl e as t h os e of t h e 

tr a nsiti o n m et als. T his is d u e t o t h e str o n g “ pr ef er e n c e ” of t h es e el e m e nts t o b e i n t h eir 

us u al st a bl e, u nr e a cti v e o xi d ati o n st at es; att e m pti n g t o p erf or m r e d o x c at al ysis wit h t h e m 

c a n pr o v e t o b e c h all e n gi n g. T h er ef or e, r es e ar c h c h e mists h a v e b e e n s e e ki n g w a ys t o g et 

ar o u n d t h e u nr e a cti vit y a n d r e d o x i n a cti vit y of t h e m ai n gr o u p el e m e nts.  

T h e Gr a v es L a b at S w art h m or e C oll e g e c o ntri b ut es t o t h e eff ort of i m pr o vi n g t h e 

r e a cti vit y of m ai n gr o u p el e m e nts a n d c o m bi n es it wit h t h e e n vir o n m e nt all y b e n e v ol e nt 

pr os p e cts of i m pl e m e nti n g t h e Gr o u p 1 3 m et als al u mi n u m a n d g alli u m as s o ur c es of 

c at al ysis. Al u mi n u m is t h e m ost a b u n d a nt m et al i n t h e e art h’s cr ust ( ~ 8 % b y w ei g ht); 

wit h t h e b e n efit of b ei n g n o n-t o xi c, 9  it is o n e of t h e c h e a p est el e m e nts o n e art h, b ei n g 

pri c e d at ~ $ 2/ k g as of 2 0 1 9. 8  G alli u m ( ~ $ 2 1 3/ k g, 2 0 1 9), w hil e n ot as c h e a p as al u mi n u m 
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b ut still m u c h m or e aff or d a bl e t h a n a n u m b er of t h e tr a nsiti o n m et als, 8  h as m o d er at e 

a b u n d a n c e i n e art h’s cr ust. T h es e t w o m ai n gr o u p m et als ar e pri m e c a n di d at es f or 

c at al yti c d e v el o p m e nt wit h n o n-i n n o c e nt li g a n d r e a cti vit y; w hil e t h e y ar e v er y r e d o x 

st a bl e at t h eir + 3 o xi d ati o n st at e, c o m p o u n ds of Al(III) a n d G a(III) h a v e b e e n us e d as 

h o m o g e n o us c at al ysts f or m or e t h a n a c e nt ur y. Si m pl e L e wis a ci di c s alts li k e al u mi n u m 

tri c hl ori d e ar e us e d f or Fri e d el- Cr afts al k yl ati o ns a n d a c yl ati o ns,1 0  a n d f or 

o xi d ati o n/r e d u cti o n of al c o h ols/ k et o n es, al k e n e e p o xi d ati o n, a n d C – H b o n d a cti v ati o n. 1 1  

Al u mi n u m tris( t ert- b ut o xi d e) is us e d i n t h e O p p e n h a u er o xi d ati o n of al c o h ols,1 2  a n d i n 

t h e o p p osit e r e a cti o n dir e cti o n, t h e r e d u cti o n of k et o n es i n t h e M e er w ei n- P o n n d orf-

V erl e y r e d u cti o n. 1 3  A d diti o n all y, Al(III) a n d G a(III) h a v e e n g a g e d i n c at al ysis w h e n 

c o or di n at e d t o b ot h r e d o x-i n a cti v e a n d r e d o x- a cti v e li g a n ds. 1 1  

 

1. 2 N o n-i n n o c e nt li g a n ds i m pr o v e t h e r e a cti vit y of tr a nsiti o n m et als a n d m ai n gr o u p 

el e m e nts vi a m et al/ el e m e nt li g a n d c o o p er ati vit y 

M u c h w or k is b ei n g d o n e t o o v er c o m e t h e u nr e a cti vit y of n o n- pr e ci o us tr a nsiti o n 

m et als a n d m ai n gr o u p el e m e nts. A pr o misi n g r o ut e ar o u n d t h e o bst a cl e is t h e 

c o m pl e x ati o n of n o n-i n n o c e nt li g a n ds t o t h es e r e d o x-st a bl e el e m e nts i n or d er t o e n h a n c e 

t h e r e a cti vit y of t h e c h e mi c al s yst e m. N o n-i n n o c e nt li g a n ds r ef er t o a br o a d cl ass of 

li g a n ds t h at ar e eit h er r e d o x- a cti v e, or ar e a cti v el y i n v ol v e d i n b o n d- m a ki n g or b o n d-

br e a ki n g pr o c ess es; t h e l att er p h e n o m e n o n c a n  als o  b e d es cri b e d as c h e mi c all y “ n o n-

i n n o c e nt”,  or “ c o o p er ati v e ”.1 4  P ut a n ot h er w a y, r e d o x- a cti v e n o n-i n n o c e n c e d es cri b es a 

li g a n d’s p arti ci p ati o n i n el e ctr o n a c c e pt a n c e or d o n ati o n wit h t h e m et al t o w hi c h it is 

b o n d e d, w hil e c h e mi c al n o n-i n n o c e n c e (f urt h er r ef err e d t o as m et al/ el e m e nt-li g a n d 
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 1 0  

r e a cti vit y c a n g e n er all y b e d es cri b e d as t h e s plitti n g of a s u bstr at e’s X – H b o n d a cr oss t h e 

m et al/ el e m e nt –li g a n d c o m pl e x, w h er e i n t h e L e wis a ci di c m et al/ el e m e nt a c c e pts t h e ( X-)-

c o nt ai ni n g s u bstr at e fr a g m e nt, a n d a L e wis b asi c at o m o n t h e li g a n d a c c e pts t h e pr ot o n 

( H+ ). T h e d u al pr es e n c e of sit es of L e wis a ci dit y a n d b asi cit y wit hi n t h e m et al-li g a n d 

fr a m e w or k s e e ms t o u nit e all c as es of M L C/ E L C. T his is c ert ai nl y n ot a bs e nt fr o m t h e 

lit er at ur e dis c ussi n g gr o u p 1 3 M L C c at al ysis, w hi c h is w h at t h e n e xt s e cti o n will 

pri m aril y b e f o c us e d o n, al o n g wit h h o w it s er v es as t h e c o nt e xt of t h e r es e ar c h pr oj e ct I 

c o n d u ct e d i n t h e l a b or at or y u n d er t h e s u p er visi o n of Dr. C hrist o p h er Gr a v es. 

 

1. 3 Al u mi n u m a n d g alli u m c a n e n g a g e i n m et al-li g a n d c o o p er ati vit y t o a cti v at e X – H 

b o n ds 

Al u mi n u m-li g a n d c o o p er ati vit y w as first r e p ort e d b y t h e J or d a n gr o u p i n 1 9 9 8; 

t h e y r e p ort e d t h e i m pr essi v e 1, 4 c y cl o a d diti o n of et h yl e n e t o a c ati o ni c al u mi n u m β-

di k eti mi n at o c o m pl e x, t h e pr o d u ct of w hi c h c o ul d l os e et h yl e n e vi a c y cl or e v ersi o n w h e n 

e x p os e d t o n u cl e o p hil es ( S c h e m e 1 ).2 6  

 

S c h e m e 1. T h e c y cl o a d diti o n of et h yl e n e t o a c ati o ni c al u mi n u m β- di k eti mi n at o t ert- b ut yl 

c o m pl e x,  a n d  s u bs e q u e nt  c y cl or e v ersi o n  u p o n  a d diti o n  of  a  n u cl e o p hil e 

( di m et h yl p h e n yl a mi n e). A d a pt e d fr o m J or d a n et al. 1 9 9 8.2 6  

 

M L C p erf or m e d b y β- di k eti mi n at o al u mi n u m a n d g alli u m c o m pl e x es h as b e e n r e p ort e d 

m a n y ti m es o v er t h e p ast t w o d e c a d es. Wit h t his t y p e of c o m pl e x, A b d all a et al. a c hi e v e d 
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t h e a cti v ati o n of a r a n g e H – X b o n ds of diff er e nt p ol ariti es; f urt h er m or e, H2  b o n d 

a cti v ati o n b y t h es e c o m pl e x es gi v e s w a y t o g alli u m- h y dri d es t h at e n a bl e t h e s el e cti v e 

c at al yti c r e d u cti o n of C O 2  t o a m et h a n ol d eri v ati v e (S c h e m e 2 ).2 7  T his m et al-li g a n d 

fr a m e w or k is v er y si mil ar t o t h e w or k of Y a o et al. 2 0 0 8, i n w hi c h t h e m ai n gr o u p 

el e m e nts at pl a y w er e t h e Gr o u p 1 4 el e m e nts Si a n d G e. 2 5  

 

S c h e m e  2. H – X  b o n d  a cti v ati o n  b y  a  β- di k eti mi n at o  g alli u m  c o m pl e x,  f oll o w e d  b y 

s el e cti v e  r e d u cti o n  of  C O 2   b y  a  β- di k eti mi n at o  g alli u m  h y dri d e  c o m pl e x  t o  f or m  a 

m et h a n ol d eri v ati v e. R e pr o d u c e d fr o m A b d all a et al. 2 0 1 5. 2 7  

 

Hit zf el d a n d Kr ets c h m er 2 0 2 0 us e d t h e s a m e m et al-li g a n d s yst e m t o a c hi e v e t h e 

a cti v ati o n of t h e X – H b o n ds of di h y dr o g e n, a m m o ni a, h y dr o g e n s ulfi d e, a n d sil a n e 

(S c h e m e 3 A ).2 8  A d diti o n all y, F el d et al. 2 0 2 1 r e p orte d  t h e X – H b o n d a cti v ati o n of w at er, 

a mi n es, p h e n yl a c et yl e n e, a n d p h e n yl p h os p hi n e b y a m o difi e d β- di k eti mi n at o p h os p h a n yl-

p h os p h a g all e n e c o m pl e x. 2 9  A s c a n b e s e e n i n S c h e m e 3 B , t h e L e wis p air o n t h e 

p h os p h a n yl li g a n d is w or ki n g c o o p er ati v el y wit h t h e L e wis a ci di c G a m et al c e nt er t o 

a cti v at e a X – H b o n d — a m e c h a nis m si mil ar t o t h at of fr ustr at e d L e wis p air s yst e ms. 1 5   
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S c h e m e 3 . A . A β- di k eti mi n at o g alli u m c o m pl e x a cti v ati n g v ari o us X – H b o n ds vi a M L C. 

R e pr o d u c e d  fr o m  Hit zf el d  a n d  Kr et c h m er  2 0 2 0. 2 8  B .  T h e  s c o p e  of  X – H  ( E – H  i n  t h e 

r ef er e n c e)  b o n d  a cti v ati o n  p erf or m e d  b y  a  p h os p h a n yl- p h os p h a g all a n e  c o m pl e x. 

R e pr o d u c e d fr o m F el d et al. 2 0 2 1. 2 9  

 

B e si d es β- di k eti mi n at o m et al c o m pl e x es, F e d us h ki n r e p ort e d t h e r e v ersi bl e 

a d diti o n of si m pl e al k y n es t o di a mi d e al u mi n u m a n d g alli u m c o m pl e x es 3 0 , s h o w n i n 

S c h e m e 4 A . T his c h e mistr y h as t h e p ot e nti al t o f or m n e w C – C b o n ds, w hi c h is a n 

ess e nti al pr a cti c e i n c h e mi c al s y nt h esis. I n 2 0 1 3, Pis k u n o v et al. r e p ort e d  t h e a d diti o n of 

all yl h ali d es a cr oss t h e m et al-li g a n d fr a m e w or k of a bis- o - a mi d o p h e n ol at e G a (III) 

c o m pl e x; t his r e a cti vit y is s e e n i n S c h e m e 4 B .3 1  M or e r e c e ntl y, r e v ersi bl e O – H b o n d 

a cti v ati o n w as f a cilit at e d b y a c ali x[ 4] p yrr ol at o al u mi n at e c o m pl e x b y Si g m u n d a n d Gr e b 

(S c h e m e 4 C ).3 2  
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S c h e m e 4 . A . R e v ersi bl e a d diti o n of al k y n es t o di a mi d e al u mi n u m a n d g alli u m c o m pl e xes . 

R e pr o d u c e d  fr o m  F e d us h ki n  et  al.  2 0 1 0. 3 0  B .  A cti v ati o n  of  all yl  h ali d es  a cr oss  a  bis-o -

a mi d o p h e n ol at e G a (III) c o m pl e x. R e pr o d u c e d fr o m Pis k u n o v et al. 2 0 1 3. 3 1  C . A cti v ati o n 

of si m pl e al c o h ol O – H b o n ds f a cilit at e d b y a n al u mi n at e c o m pl e x. A d a pt e d fr o m Si g m u n d 

a n d Gr e b 2 0 2 0. 3 2  

 

H o w e v er, w h e n it c o m es t o s m all m ol e c ul e b o n d a cti v ati o n wit h al u mi n u m-li g a n d 

c o o p er ati vit y, t h e B er b e n gr o u p at U. C. D a vis h as m a d e si g nifi c a nt c o ntri b uti o ns t o t h e 

lit er at ur e, b ot h i n pr o of of c o n c e pt a n d m e c h a nisti c i n v esti g ati o n. T h eir al u mi n u m 

bis(i mi n o) p yri di n e pi n c er-t y p e c o m pl e x es h a v e d e m o nstr at e d i m pr essi v e s m all m ol e c ul e 

s u bstr at e s c o p e, a n d pr es e nt l ots of pr o mis e f or s ust ai n a bl e c at al ysis, c ar b o n r e m e di ati o n, 

a n d di nitr o g e n fi x ati o n. T a ki n g i ns pir ati o n fr o m Milst ei n’s 2 0 0 7 w or k wit h R u pi n c er 
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c o m pl e x es 1 6 , h er gr o u p i nst all e d a n Al(III) c e nt er t o a tri d e nt at e bis(i mi n o) p yri di n e li g a n d 

t o f or m a n al u mi n u m h y dri d e c o m pl e x. T his s yst e m w as first r e p ort e d t o e n g a g e i n M L C 

t o a cti v at e N – H b o n ds of a nili n es, a n d s u bs e q u e ntl y r el e as e di h y dr o g e n u p o n 

d e h y dr o g e n ati o n. 3 3  S o o n aft er, t h e c o m pl e x w as s h o w n t o h a v e t h e a bilit y t o a cti v at e a 

wi d e r a n g e of X – H b o n ds, i n cl u di n g s ulf o n a mi d e N – H b o n ds, ar o m ati c a n d b e n z yli c 

al c o h ol O – H b o n ds, a n d t h e f or mi c a ci d O – H b o n d. T h e pr o d u ct s aff or d e d fr o m O – H 

a cti v ati o n c a n u n d er g o d e h y dr o g e n ati o n u p o n h e ati n g or a d diti o n of a s e c o n d al c o h ol or 

f or mi c a ci d.3 4 ,3 5  T h e r e a cti o n s c h e m es t h at g e n er ali z e t his i m pr essi v e r e a cti vit y c a n b e 

s e e n i n S c h e m e 5 A , w hil e B er b e n’s pr o p os e d c at al yti c c y cl es f or d e h y dr o g e n ati o n of 

s m all m ol e c ul es (f or mi c a ci d a n d b e n z yl a mi n e s p e cifi c all y) ar e s h o w n i n S c h e m e 5 B . 
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S c h e m e 5 . A . N –H a n d O – H ( X = N, O) b o n d a cti v ati o n of a mi n es, al c o h ols, a n d f or mi c 

a ci d   u p o n  r e a cti o n  wit h  t h e  al u mi n u m  bis(i mi n o) p yri di n e  pi n c er  c o m pl e x.  R e pr o d u c e d 

fr o m B er b e n 2 0 1 5.3 6  B . C at al yti c c y cl es f or t h e d e h y dr o g e n ati o n of b e n z yl a mi n e (l eft) a n d 

f or mi c a ci d (ri g ht). R e pr o d u c e d fr o m B er b e n 2 0 1 5.3 6  

 

1. 4 T h e Gr a v es L a b st u di es Gr o u p 1 3 M L C wit h ( Tri N O x) Al a n d ( Tri N O x) G a  

As m e nti o n e d a b o v e, T h e Gr a v es L a b is i nt er est e d i n s ust ai n a bl e c at al ysis d esi g n 

b y att e m pti n g t o i m pr o v e t h e r e a cti vit y of t h e Gr o u p 1 3 m et als i n c at al yti c a n d r e d o x 

s yst e ms. T h e l a b m ai nl y s y nt h esi z es r e d o x- a cti v e li g a n ds t h at p er mit t h e Gr o u p 1 3 m et als 

t o a c hi e v e o xi d ati o n st at es ot h er t h a n its hi g hl y st a bl e + 3 o n e; c h ar a ct eri z ati o n a n d 

v ari o us m et h o ds of a n al ysis t o ass ess r e d o x a n d c at al yti c a biliti es f oll o w s y nt h esis. As a 

r es ult of t h e l a b’s w or k i n i n v esti g ati n g nitr o xi d e li g a n ds, t h e gr o u p r e p ort e d a r e d o x-

a cti v e p yri d yl nitr o xi d e li g a n d t h at d o u bl y bi n ds t o al u mi n u m a n d g alli u m ; t h e r es ulti n g 
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c o m pl e x es  e x hi bit el e ctr o c h e mi c al r e v ersi bilit y, d e m o nstr at e d b y c y cli c v olt a m m etr y 

(Fi g u r e 2 ).3 7 ,3 8  T h er ef or e, t his (R p y N O − )  li g a n d c a n b e c o nsi d er e d a r e d o x n o n-i n n o c e nt 

li g a n d.1 5  

 

Fi g u r e 2 . T h e (R p y N O − )2 Al Cl c o m pl e x es, a n d t h eir el e ctr o c h e mi c al r e v ersi bilit y, fr o m t h e 

Gr a v es l a b i n 2 0 1 5. R e pr o d u c e d fr o m P oitr as et al. 3 7   

 

T h e Gr a v es l a b als o s y nt h esi z es a c o o p er ati v e li g a n d, r ef err e d t o as ( Tri N O x) H 3  

[ or ( Tri N O x)3-  i n its d e pr ot o n at e d/ c h el at e d f or m]. I niti all y, t h e ( Tri N O x) H3  li g a n d w as 

s y nt h esi z e d i n 2 0 1 5 t o o pti mi z e t h e s e p ar ati o n of t h e r ar e e art h m et als n e o d y mi u m a n d 

d ys pr osi u m b y t h e S c h elt er gr o u p 3 9 ; its s y nt h esis w as b as e d off of t h e C h e n et al. pr ot o c ol 

t o s y nt h esi z e tris- 2- br o m o b e n z yl a mi n e.4 0  T h e Gr a v es gr o u p t o o k s y nt h eti c i ns pir ati o n 

fr o m t his w or k, a n d c h os e t o e x pl or e t h e p ot e nti al r e d o x c a p a biliti es of t h e li g a n d w h e n 

b o u n d t o Gr o u p 1 3 m et als. Wit h t h e li g a n d i n h a n d, t h e s eri es ( Tri N O x) M ( M = Al, G a) 

w as s y nt h esi z e d; t h e c urr e nt, o pti mi z e d s y nt h esis r o ut e is di a gr a m e d i n S c h e m e 6 . 

 

S c h e m e 6 . C urr e nt s y nt h eti c r o ut e t o ( Tri N O x) M. 

 

2- br o m o- b e n z yl br o mi d e u n d er g o es tri pli c at e s u bstit uti o n i n a m m o ni a c al et h a n ol s ol uti o n.  

 
T h e r es ulti n g tris- 2- br o m o b e n z yl a mi n e is t h e n tr e at e d wit h st oi c hi o m etri c n - b ut yllit hi u m, 
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a n d t h e n a p pli e d wit h st oi c hi o m etri c nitr os o-t ert- b ut a n e di m er, a n d fi n all y pr ot o n at e d 

wit h a q u e o us a m m o ni u m c hl ori d e, gi vi n g us t h e ( Tri N O x) H 3  li g a n d. T h e n, t h e li g a n d 

u n d er g o es r e a cti o n wit h M( N M e 2 )3  di m er ( M = Al, G a) t o gi v e t h e s oli d ( Tri N O x) M 

pr o d u ct. 

I n 2 0 1 9, W o o dsi d e a n d S mit h of t h e Gr a v es gr o u p p u blis h e d t h e s y nt h esis a n d 

c h ar a ct eri z ati o n of t h e ( Tri N O x) Al c o m pl e x 4 1 ; i n t his i n v esti g ati o n it w as f o u n d t h at t h e 

c o m pl e x di d n ot dis pl a y r e d o x- a cti vit y, b ut r at h er li k el y p arti ci p at e d i n al u mi n u m-li g a n d 

c o o p er ati v e c h e mistr y w h e n it w as o bs er v e d t o c at al y z e t h e h y dr o b or ati o n of c ar b o n yls. 

T h e pr o p os e d c at al yti c m e c h a nis m is s h o w n i n S c h e m e 7 .  

 

S c h e m e 7.  T h e pr o p os e d c at al yti c c y cl e f or t h e h y dr o b or ati o n of c ar b o n yls vi a el e m e nt-

li g a n d c o o p er ati vit y b y ( Tri N O x) Al. R e pr o d u c e d fr o m W o o dsi d e et al. 2 0 1 9.4 2  

 

T h e first st e p of t h e c at al yti c c y cl e i n v ol v es t h e c o or di n ati o n of t h e k et o n e t o t h e L e wis 

a ci di c m et al c e nt er. T h e n, t h e Tri N O x li g a n d N l o n e p air c o or di n at es t o t h e b or o n i n 

pi n a c ol b or a n e. T his is t h e st e p i n w hi c h ( Tri N O x) Al e n g a g es i n M L C; t h e Al c e nt er a n d 

L e wis b asi c li g a n d c o o p er at e t o c o or di n at e t h e k et o n e a n d b or a n e r e a ct a nts i n a g e o m etr y 

t h at m a k es t h eir i nt er a cti o ns i d e al f or t h e pr o c e e di n g tr a nsf or m ati o n t o t a k e pl a c e. 
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Fi n all y, t h e k et o n e u n d er g o es h y dr o b or ati o n b y t h e pi n a c ol b or a n e, f or mi n g a b or o ni c 

est er. T h e c y cl e t h e n r est arts. 

H y dr o b or ati o n r e a cti o ns wit h l o a d e d wit h ( Tri N O x) Al h a d hi g h er yi el ds t h a n 

t h os e l o a d e d wit h ( Tri N O x) Al- p yri di n e a d d u ct; t his s u p p ort e d t h e i d e a t h at t h e Al m et al 

c e nt er is i n v ol v e d i n c o m p etiti v e c o or di n ati o n wit h  t h e p yri di n e a n d t h e k et o n e t h at 

u n d er g o es  r e d u cti o n. T his ali g ns wit h t h e f a ct t h at t h e ( Tri N O x) Al m et al c e nt er is L e wis 

a ci di c, wit h a n e x p eri m e nt all y c al c ul at e d G ut m a n n- B e c k ett a c c e pt or n u m b er of 7 5. 4 3 ,4 4  

C o nsi d eri n g t his wit h t h e f a ct t h at t h e n ei g h b ori n g N at o ms of t h e nitr o xi d e gr o u ps ar e 

L e wis b asi c ( as e vi d e n c e d b y t h eir a bilit y t o b e m et h yl at e d b y e x c ess m et h yl trifl at e 4 2 ), 

W o o dsi d e et al. c o n cl u d e d t h at M L C w as li k el y at pl a y i n t h e r e a cti vit y of t h e 

h y dr o b or ati o n c at al y z e d b y ( Tri N O x) Al. T his c o n cl usi o n is e vi d e n c e- b as e d; w e s e e  i n t h e 

lit er at ur e t h at n e ar b y sit es of L e wis a ci dit y a n d b asi cit y wit hi n a n or g a n o m et alli c 

c o m pl e x fr e q u e nt l y h a v e t h e a bilit y t o e n g a g e i n M L C i n t h eir c at al yti c m e c h a nis ms. 

Si n c e t h e fi n di n gs of W o o dsi d e et al., t h e ( Tri N O x) G a c o m pl e x h as b e e n 

s y nt h esi z e d a n d c h ar a ct eri z e d; t his a n d all w or k aft er h as y et t o b e p u blis h e d. C o nti n u e d 

i n v esti g ati o n i nt o t h e r e a cti vit y of ( Tri N O x) M c o n d u ct e d b y Mi k a M a e n a g a ’ 2 1 r e v e al e d 

t h at t h e c o m pl e x f a cilit at es t h e a cti v ati o n of O – H b o n ds of al c o h ols. T w o str u ct ur es of 

( Tri N O x) M- al c o h ol pr o d u cts, n a m el y pr o d u cts 3  a n d 6 , f or m e d fr o m t h e r e a cti o n of 1  

wit h t ert- b ut a n ol a n d 2  wit h p h e n ol r es p e cti v el y (s e e S c h e m e 8 ), w er e v erifi e d vi a si n gl e-

cr yst al X-r a y cr yst all o gr a p h y ( X R C D) ( Fi g u r e S 1, S 3 ). 
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S c h e m e 8 . T h e e arl y s y nt h es es of H( Tri N O x) Al O tB u ( 3 ) a n d H( Tri N O x) G a O P h (6 ). 

 

M a e n a g a t he n c o nti n u e d r es e ar c h i nt o t h e el e m e nt-li g a n d c o o p er ati vit y dis pl a y e d b y 

( Tri N O x) M vi a a c o m p ut ati o n al m e c h a nisti c a n al ysis. H er fi n di n gs s h o w t h at t h e pr o d u ct 

f or m ati o n m e c h a nis m pr o c e e ds t hr o u g h n e utr al c o m p o u n ds; t his s u p p orts a n M L C-t y p e 

m e c h a nis m, w hi c h as w e h a v e m e nti o n e d, i n v ol v es c o n c ert e d s u bstr at e b o n d- br e a ki n g 

a n d b o n d-f or m ati o n e v e nts a cr oss t h e m et al-li g a n d fr a m e w or k. F urt h er m or e, M a e n a g a 

f o u n d t h at t h e a ci dit y of t h e s u bstr at e O – H b o n d h as a n eff e ct o n r e a cti o n p at h w a y, 

i n cl u di n g a cti v ati o n b arri er h ei g ht, a n d o v er all r e a cti o n e x er g o ni cit y.4 5   

B as e d o n M a e n a g a’s o bs er v ati o ns a n d t h e or eti c al c o n cl usi o ns a b o ut t h e M L C 

r e a cti vit y d e m o nstr at e d b y ( Tri N O x) M, w e d e ci d e d t o f oll o w u p o n h er fi n di n gs b y 

f urt h er e x pl ori n g t h e O – H b o n d a cti v ati o n d e m o nstr at e d b y ( Tri N O x) M i n t h e l a b or at or y, 

wit h a f o c us o n h o w O – H b o n d a ci dit y a n d m et al c e nt er L e wis a ci dit y aff e cts r e a cti o n 

ki n eti cs a n d t h er m o d y n a mi cs. T o b ett er u n d erst a n d t h es e as p e cts of t h e c h e mi c al s yst e m, 
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ki n eti c st u di es w er e c o n d u ct e d o n r e a cti o ns of 1  a n d 2 wit h  t ert- b ut a n ol, is o pr o p a n ol, a n d 

m et h a n ol. W e  p erf or me d  a ki n eti c is ot o p e e x p eri m e nt wit h c o m pl e x 1  a n d t ert-

b ut a n ol/ t ert- b ut a n ol-O D t o g ai n m e c h a nisti c i nsi g ht t o t h e b o n d a cti v ati o n e v e nt, a n d 

p erf or m e d  f urt h er ki n eti cs e x p eri m e nts wit h t h e ot h er t w o al c o h ols t o d e m o nstr at e t h e 

eff e ct of ( Tri N O x) M m et al c e nt er a n d al c o h ol a ci dit y ( m e as ur e d b y p K a ) o n r e a cti o n r at e. 

T h e n, w e  r a n a s cr e e ni n g e x p eri m e nt wit h a r a n g e of al c o h ols of diff er e nt a ci diti es t o 

d e m o nstr at e d e p e n d e n c e r el ati o ns hi ps b et w e e n b ot h ( Tri N O x) M m et al c e nt er a n d al c o h ol 

p K a  wit h t h e % c o n v ersi o n a n d e q uili bri u m c o nst a nt of a gi v e n al c o h ol a d diti o n r e a cti o n. 

N ot o nl y will t his w or k cl arif y t h e ( Tri N O x) M c h e mi c al s yst e m a n d p ot e nti all y o p e n it u p 

t o n e w m o d es of c at al ysis, b ut it will i d e all y c o ntri b ut e t o t h e gr o wi n g fi el d of s ust ai n a bl e 

M L C  c at al ysis. 

 

2. R es ults & Dis c ussi o n 

2. 1 S y nt h esis a n d c h ar a ct eriz ati o n of ( Tri N O x) M al c o h ol a d diti o n pr o d u cts 

  S y nt h es es of t h e f oll o wi n g c o m p o u n ds w er e a c hi e v e d: H( Tri N O x) Al OtB u ( 3 ), 

H( Tri N O x) Al O P h ( 5 ), H( Tri N O x) G a O P h (6 ), H( Tri N O x) Al O B n (7 ), a n d 

H( Tri N O x) G a O B n ( 8 ). P arti al s y nt h es es H( Tri N O x) G a OtB u ( 4 ) a n d H( Tri N O x) G a O B n 

(8 ) ar e als o r e p ort e d h er e; t h es e r e p orts a n d t h e o bs er v ati o ns t h at c o m e wit h t h e m ar e t h e 

l a u n c h p a d f or t h e e x pl or ati o n t h at w e d es cri b e i n t his t h esis. S c h e m e 9  ill ustr at es t h es e 

s y nt h es es. 
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S c h e m e 9 . T h e s y nt h es es of H( Tri N O x) M O R al c o h ol a d diti o n pr o d u cts.  

 

T o s y nt h esi z e 3 , ( Tri N O x) Al (1 ) w as r e a ct e d wit h t hr e e m ol ar e q ui v al e nts of t ert-

b ut a n ol vi a a n o v er ni g ht stir i n t ol u e n e at r o o m t e m p er at ur e. 1  is n’t i m m e di at el y s ol u bl e 

i n t ol u e n e, a n d t h er ef or e t h e r e a cti o n is n ot h o m o g e n o us t o st art. H o w e v er, as t h e r e a cti o n 

pr o c e e ds, t h e s ol uti o n b e c o m es m or e a n d m or e tr a nsl u c e nt as 1 g ets “ p ull e d ” i nt o 

s ol uti o n w hil e it is c o n v ert e d t o 3 . Aft er 2 4 h, t h e s ol v e nt w as  e v a p or at e d vi a v a c u u m 

p u m p; dri e d  3 a p p e are d  as a li g ht t a n s oli d, wit h a yi el d of 8 1 %. 3  is s ol u bl e i n b e n z e n e, 

t ol u e n e, c hl or of or m; it d e c o m p os es i n p yri di n e, as e vi d e n c e d b y 1 H N M R. W h e n 3  is 

diss ol v e d i n p yri di n e- d 5, a mi xt ur e of st arti n g m at eri al 1  a n d pr o d u ct 3 is yi el d e d, 

i n di c ati n g t h at p yri di n e d e pr ot o n at es 3  a n d gi v es b a c k 1.  

N ot e t h at w e p us h t h e r e a cti o n of 1  wit h t ert- b ut a n ol f or w ar d b y a d di n g t hr e e 

m ol ar e q ui v al e nts of t h e al c o h ol; a d di n g st oi c hi o m etri c t ert- b ut a n ol gi v es a mi xt ur e of 

pr o d u ct 3  a n d st arti n g c o m pl e x 1 (s e e T a bl e 2 f or a n e x a ct % c o n v ersi o n t o 3 ). T his is 

e vi d e n c e t h at t h e s yst e m is i n a st at e of e q uili bri u m; h o w e v er, gr e at er e vi d e n c e li es i n 

r es ults of t h e r e a cti o ns of ( Tri N O x) G a (2 ) wit h t ert- b ut a n ol i n t h e att e m pts t o s y nt h esi z e 

4 .  E v e n wit h t h e a d diti o n of e x c ess t ert- b ut a n ol t o a s ol uti o n of 2  diss ol v e d i n t ol u e n e or 
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T H F, t h e e q uili bri u m of t his r e a cti o n at r o o m t e m p er at ur e li es si g nifi c a ntl y t o t h e l eft ; t h e 

m a j or s p e ci es i n s ol uti o n aft er m ulti pl e d a ys of all o w e d r e a cti o n ti m e r e m ai ns as t h e 

st arti n g c o m pl e x 2 . A d diti o n all y, t h e att e m pt t o cr yst ali z e 4 vi a r e a cti o n of e x c ess t ert-

b ut a n ol i n h e x a n e l a y er e d o nt o 2  diss ol v e d i n T H F at - 2 5 ° C is u ns u c c essf ul, b ut gi v es a 

r e a ct a nt-t o- pr o d u ct r ati o of a b o ut 1: 4 ( d et er mi n e d b y 1 H N M R s p e ctr os c o p y of t h e 

is ol at e d, n o n- cr yst alli n e s oli d t h at cr as h e d o ut o v er t h e c o urs e of 4 m o nt hs). T his 

s u g g ests t h at t h e o ut c o m e of t h e r e a cti o n h as a t e m p er at ur e d e p e n d e n c e, w hi c h is m or e 

e vi d e n c e f or t h e s yst e m b ei n g o n e i n a st at e of e q uili bri u m. N ot e t h at w e als o tri e d t o 

s y nt h esi z e 4  vi a a s alt m et at h esis r e a cti o n of st oi c hi o m etri c p ot assi u m t ert- b ut o xi d e 

a d d e d t o a s ol uti o n of H( Tri N O x) Al Cl diss ol v e d i n T H F; t h e pr o d u ct of t his r e a cti o n is 1 , 

i n di c ati n g t h at H Cl is eli mi n at e d fr o m H( Tri N O x) Al Cl vi a d e pr ot o n ati o n b y t h e t ert-

b ut o xi d e b as e.  

T o  s y nt h esi z e c o m p o u n ds 5  a n d 6 , t h e a p pr o pri at e ( Tri N O x) M c o m p o u n d (1  or 2 ) 

w as r e a ct e d wit h a st oi c hi o m etri c a m o u nt of p h e n ol f or 8 h i n t ol u e n e at r o o m 

t e m p er at ur e. T h es e  pr o d u cts ar e i ns ol u bl e i n t ol u e n e a n d b e n z e n e, a n d is e vi d e n c e d b y its 

cr as hi n g o ut as a w hit e s oli d as t h e r e a cti o n pr o c e e ds t o c o m pl eti o n, w hi c h o c c urs 

n ot a bl y f ast er t h a n t h e tr a nsl u c e n c y c h a n g e t h at o c c urs d uri n g t h e s y nt h esis of 3 . T h es e  

s oli ds, w hi c h ar e s ol u bl e i n br o m o b e n z e n e, a n d sli g htl y s ol u bl e i n c hl or of or m a n d T H F, 

ar e c oll e ct e d vi a v a c u u m filtr ati o n a n d w as h e d wit h c ol d h e x a n e, a n d pr o vi d e yi el ds of 

4 3 % f or 5  a n d 6 7 % f or 6 . Si mil arl y t o 3 , p yri di n e c a us es t h es e pr o d u cts t o u n d er g o 

d e pr ot o n ati o n a n d r e v ersi o n b a c k t o 1  a n d 2 , b ut n ot n e arl y t o t h e s a m e d e gr e e as it d o es 

f or 3 . 
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T h e s y nt h esis of 7  is q uit e si mil ar t o t h at of 5  a n d 6 ; a st oi c hi o m etri c a m o u nt of 

b e n z yl al c o h ol is a d d e d t o a s ol uti o n of 1  diss ol v e d i n t ol u e n e, a n d is all o w e d t o stir f or 

1 2 h at r o o m t e m p er at ur e. T his pr o d u ct als o cr as h es o ut of s ol uti o n, alt h o u g h n ot t o t h e 

s a m e d e gr e e as 5  a n d 6  si n c e it is sli g htl y s ol u bl e i n t ol u e n e. T h er ef or e, t h e s oli d 

c oll e ct e d vi a v a c u u m filtr ati o n a n d w as h e d wit h c ol d h e x a n e m ost li k el y d o es n ot pr o vi d e 

a n o pti mi z e d yi el d, w hi c h w e r e p ort as 2 0 %. T his s oli d is s ol u bl e i n b e n z e n e, c hl or of or m, 

a n d T H F. R e a cti o n wit h p yri di n e w as n ot e x pl or e d. H o w e v er, s y nt h esis of 8  vi a t h e s a m e 

pr o c e d ur e ( p erf or m e d wit h 2  i nst e a d of 1 ) d o es n ot g o t o c o m pl eti o n. I nst e a d, w e o bs er v e 

o nl y a 5 6 % c o n v ersi o n t o 8  — 4 4 % of 2  r e m ai ns u nr e a ct e d i n s ol uti o n, a c c or di n g t o 

cr u d e N M R a n al ysis of t h e s oli d e v a p or at e d of s ol v e nt. L a y er e d cr yst alli z ati o n att e m pts 

of 8  at - 2 5 ° C f ail e d t o gi v e p ur e s oli d, b ut r at h er a 3: 4 r e a ct a nt-t o- pr o d u ct r ati o ( n ot m u c h 

b ett er t h a n t h e r o o m t e m p er at ur e, stirr e d r e a cti o n), d et er mi n e d b y 1 H N M R s p e ctr os c o p y 

of t h e is ol at e d, n o n- cr yst alli n e s oli d. A d di n g e x c ess b e n z yl al c o h ol t o t h e r e a cti o n 

i m pr o v es t h e % c o n v ersi o n of 8 , b ut n ot t o c o m pl eti o n.  

All of t h e is ol a bl e H( Tri N O x) M O R  al c o h ol a d diti o n pr o d u cts h a v e b e e n 

c h ar a ct eri z e d b y 1 H N M R s p e ctr os c o p y, a n d t h eir c orr es p o n di n g s p e ctr a c a n b e f o u n d i n 

t h e S u p pl e m e nt al D at a s e cti o n (Fi g u r es S 1, S 4 - 6). I n e a c h s p e ctr a, t h e Tri N O x li g a n d 

t ert- b ut yl gr o u ps a p p e ar as t h e m ost u pfi el d si g n als, i nt e gr ati n g c o nsist e ntl y t o 2 7 H. 

A d diti o n all y, t h e m ost d o w nfi el d si g n al i n all of t h e s p e ctr a of t h es e pr o d u cts is a br o a d 

si n gl et ( or a p air of br o a d si n gl ets) t h at i nt e gr at e t o 1 H, r e pr es e nt ati v e of t h e b as al N – H 

pr ot o n — t his a p p e ars ar o u n d δ 1 1 p p m c o nsist e ntl y. T h e m ost n ot a bl e u niti n g f e at ur e of 

t h es e s p e ctr a, h o w e v er, is t h e c o nsist e nt, “ di a g n osti c ” mi gr ati o n of t h e m or e u pfi el d 

di ast er e ot o pi c m et h yl e n e pr ot o n si g n al fr o m δ 2. 8 4  p p m  t o ar o u n d δ 2. 4 p p m (f or  s p e ctr a 
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t a k e n i n C6 D 6 ), a n d its tr a nsf or m ati o n fr o m a d o u bl et t o a d o u bl et of d o u bl ets, t h at o c c urs 

u p o n pr o d u ct f or m ati o n. T h e d o u bl et of d o u bl ets aris es fr o m its J  c o u pli n g wit h  t h e 

m et h yl e n e pr ot o n wit h w hi c h it s h ar es its di ast er e ot o pi c r el ati o ns hi p ( J H d -H d d  ≈ 1 1. 2  H z ) [als o 

pr es e nt i n t h e 1 H N M R s p e ctr u m of ( Tri N O x) M ], a n d t h e a d diti o n al  J  c o u pli n g it e x p eri e n c e s 

fr o m t h e b as al N– H pr ot o n ( J H d -N H  ≈ 9. 6 H z). T h e m or e d o w nfi el d di ast er e ot o pi c m et h yl e n e 

pr ot o n si g n al, h o w e v er, b ar el y mi gr at es u p o n f or m ati o n of pr o d u ct, a n d d o es n ot e x p eri e n c e 

a n a d diti o n al o bs er v a bl e  J  c o u pli n g wit h t h e b as al N – H pr ot o n. F or m or e dis c ussi o n o n h o w 

t h e u pfi el d di ast er e ot o pi c m et h yl e n e pr ot o n si g n al is us e d i n ki n eti c a n d t h er m o d y n a mi c 

a n al ysis, s e e S e cti o n 4. 3 . 1.  

Of c o urs e, si n c e t h e a pi c al al k o x yl at e  li g a n d of pr o d u cts 3 , 5 , 6 , a n d 7 diff er 

d e p e n di n g o n t h e al c o h ol wit h w hi c h 1  or 2 u n d er w e nt r e a cti o n, t h es e si g n als ar e u ni q u e t o 

t h e 1 H N M R s p e ctr a. I n t h e s p e ctr u m  of 3  (Fi g u r e S 1 ), t h e t ert-b ut o x yl li g a n d a p p e ars as a 

9 H si n gl et ar o u n d δ 1. 8 1  p p m. I n t h e s p e ctr a of 5  a n d 6  (Fi g u r es S 5  & S 4 ), t h e p h e n o x y ar yl 

pr ot o ns a p p e ar i n t h e ar yl -H r e gi o n; t h es e si g n als ar e n ot assi g n e d, as t h e ar yl -H r e gi o n 

p o orl y is d efi n e d, a n d a d ult er at e d b y r esi d u al s ol v e nt si g n als fr o m t ol u e n e. I n t h e s p e ctr u m of 

7  (Fi g u r e S 6 ), t h e b e n z yl o x y m et h yl e n e a p p e ars as t w o d o u bl ets, w hi c h m a y i n di c ate t h at 

t h es e pr ot o ns ar e di ast er e ot o pi c a n d t h at t his b e n z yl al k o x yl at e li g a n d is n ot p er mitt e d t o 

fr e el y r ot at e ar o u n d its Al– O b o n d  ( h o w e v er, p erf or mi n g t e m p er at ur e-d e p e n d e nt N M R 

st u di es w o ul d c o nfir m t his) . T h e d o u bl ets ar e c e nt er e d ar o u n d δ 5. 5 9 p p m, e a c h s pi n-c o u pl e d 

t o e a c h ot h er , wit h J  = 1 4. 4  H z.  

Fi g u r es S 2 a n d S 3  dis pl a y t h e 1 H N M R s p e ctr a of t h e i m p ur e s oli ds of 4 , 

pr o d u c e d vi a u ns u c c essf ul, 4 m o nt h l a y er e d cr yst alli z ati o n r e a cti o ns at - 2 5 ° C a n d r o o m 

t e m p er at ur e, r es p e cti v el y. T h e c hill e d r e a cti o n yi el d e d t h e b est % c o n v ersi o n ( 8 0 %) 
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w hil e t h e r o o m t e m p er at ur e r e a cti o n yi el d e d a 3 0 % c o n v ersi o n. T h es e v al u es ar e d eri v e d 

fr o m t h e r ati o of pr o d u ct si g n al t o r e a ct a nt si g n als o n t h eir r es p e cti v e N M R s p e ctr a, 

w hi c h n ot a bl y s h o w t h e si g n als of b ot h s p e ci es. I n b ot h Fi g u r e S 2  a n d S 3 , t h e si g n als of 

t h e Tri N O x li g a n d t ert- b ut yl gr o u ps a n d di ast er e ot o pi c m et h yl e n e pr ot o ns f or b ot h t h e 

st arti n g m at eri al 2  a n d pr o d u ct 4  ar e visi bl e; t a ki n g t h e r ati o of t h es e si g n als all o ws f or 

t h e d et er mi n ati o n of % c o n v ersi o n, a n d t o s e e h o w m u c h ( Tri N O x) G a w e nt u nr e a ct e d 

(s e e S e cti o n 4. 3. 1 f or a m or e i n- d e pt h d es cri pti o n of t his a n al ysis). H o w e v er, t h e pr o d u ct 

si g n als o n t h es e s p e ctr a ar e i d e nti c al t o t h os e o n t h e 1 H N M R s p e ctr u m of 3 ; s e e t h e 

dis c ussi o n a b o v e. Si mil arl y, i n t h e 1 H N M R s p e ctr u m of i m p ur e 8 (Fi g u r e S 7 ), t h e 

si g n als fr o m b ot h st arti n g c o m pl e x 2  a n d pr o d u ct 8 ar e pr es e nt, a n d t h eir i nt e gr ati o n c a n 

b e us e d t o d et er mi n e % c o n v ersi o n. M or e s p e cifi c all y, Fi g u r e S 7  dis pl a ys t h e s p e ctr u m 

of t h e is ol at e d s oli d t h at cr as h e d o ut t h e r e a cti o n t h at t o o k pl a c e aft er t hr e e e q ui v al e nts of 

b e n z yl al c o h ols i n t ol u e n e l a y er e d o nt o c o m pl e x 8  diss ol v e d i n t ol u e n e, a n d t h e n st or e d at 

r o o m t e m p er at ur e f or 4 m o nt hs. T h es e r e a cti o n c o n diti o ns g a v e ris e t o a 5 6 % c o n v ersi o n, 

w hi c h is d et er mi n e d b y t a ki n g t h e r ati o of si g n als of 2  t o si g n als of 8  (s e e s e cti o n 4. 3. 1). 

T h e pr o d u ct si g n als i n t his s p e ctr u m ar e i d e nti c al t o t h os e f o u n d i n t h e 1 H N M R s p e ctr u m 

of 7 , w hi c h is dis c uss e d a b o v e. 

Pr ot o n -d e c o u pl e d 1 3 C N M R s p e ctr a of t h e is ol a bl e pr o d u cts 3 , 5, 6 , a n d 7 h a v e als o 

b e e n c oll e ct e d, a n d ar e pr es e nt e d i n Fi g u r es S 1 7 -2 0 . I n e a c h of t h es e s p e ctr a, t h e si g n als 

fr o m t h e ni n e m et h yl c ar b o ns of t h e Tri N O x li g a n d t ert-b ut yl gr o u p s a p p e ar as t h e m ost 

u pfi el d  si g n al ( a). T h e t hr e e q u at er n ar y c ar b o ns of t h e Tri N O x li g a n d t ert-b ut yl gr o u p s 

a p p e ar as si g n al ( b ), ar e s hift e d m or e d o w nfi el d d u e t o t h eir att a c h m e nt t o t h e nitr o x yl 

nitr o g e n at o ms. T h e m et h yl e n e c ar b o ns a p p e ar at p e a k ( e), a n d ar e si mil ar i n c h e mi c al s hift 
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t o ( b). Fi v e of t h e si x Tri N O x li g a n d ar yl c ar b o ns ar e r es ol v e d o n t h es e s p e ctr a; t h e si xt h is 

pr o b a bl y o bs c ur e d b y t h e s ol v e nt r esi d u al p e a k. I n t h e s p e ctr u m of 3  (Fi g u r e S 1 7 ) 

s p e cifi c all y, t h e a pi c al t ert-b ut o x yl li g a n d h as t w o t y p es of c ar b o ns — t h e m et h yls of t his 

li g a n d ( c), w hi c h h a v e a si mil ar c h e mi c al s hift t o t h e m et h yls of t h e Tri N O x li g a n d t ert-b ut yl 

gr o u ps, a n d t h e q u at er n ar y c ar b o n ( d) att a c h e d t o t h e o x y g e n b o u n d t o t h e Al at o m, w hi c h is 

t h e m ost d o w nfi el d si n gl et t h at i nt e gr at es t o 1 C. T h e 1 3 C N M R s p e ctr a of pr o d u cts 5  a n d 6  

(Fi g u r es S 1 8 & S 1 9 ) ar e n e arl y i d e nti c al, as t h e c o m p o u n ds o nl y diff er i n c o m p ositi o n b y 

m et al c e nt er.  T h es e s p e ctr a s h ar e t h e s a m e c o m m o n si g n als as t h os e m e nti o n e d  a b o v e  f or 3 ; 

c o nsi d eri n g t h e p h e n o x y li g a n d,  t h e ar yl c ar b o n att a c h e d t o t h e o x y g e n at o m b o u n d t o t h e M 

at o m a p p e ars m ost d o w nfi el d o n t h es e s p e ctr a, a n d t h e ot h er fi v e  ar yl c ar b o n si g n als a p p e ar 

i n t h e Ar -C r e gi o n. Fi n all y, i n t h e 1 3 C N M R s p e ctr u m of pr o d u ct 7 (Fi g u r e S 2 0 ), i n a d diti o n 

t o t h e s h ar e d s p e ctr a f e at ur es m e nti o n e d a b o v e, t h e a pi c a l b e n z yl al k o x yl at e li g a n d bri n gs 

f o ur ar yl c ar b o n si g n als a n d a si g nifi c a ntl y d o w nfi el d si g n al t h at r e pr es e nts t h e c ar b o n of t h e 

b e n z yl m et h yl e n e, w hi c h is att a c h e d t o t h e o x y g e n b o u n d t o t h e Al at o m.  

Cr yst al str u ct ur es of pr o d u cts 3 , 5 , a n d 6  h a v e b e e n o bt ai n e d b y si n gl e -cr yst al X -r a y 

diffr a cti o n cr yst all o gr a p h y ( X R C D). T h e cr yst al str u ct ur es of 3  a n d 6  h a v e b e e n c oll e ct e d as 

p art of pr e vi o us w or k, a n d c a n b e f o u n d i n t h e S u p pl e m e nt al I nf or m ati o n s e cti o n i n Fi g u r es 

S 2 1 . Si n c e t h e el u ci d ati o n of t h e cr yst al str u ct ur e of 5  is a r el ati v el y r e c e nt a d v a n c e m e nt, it is 

pr es e nt e d h er e ( Fi g u r e 3 ); its c oll e cti o n p ar a m et ers ar e list e d i n T a bl e S 1 . 
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Fi g u r e 3. S oli d st at e si n gl e cr yst al str u ct ur e of H( Tri N O x) Al O P h ( 5 ). Elli ps oi ds 

ar e pr oj e ct e d at 3 0 % pr o b a bilit y. N o n-i nt er a cti n g h y dr o g e n at o ms h a v e b e e n o mitt e d f or 

cl arit y. T w o “ ar ms ” of t h e or g a ni c li g a n d ar e s h o w n i n wir efr a m e r e pr es e nt ati o n f or cl arit y. 

R 1 = 0. 0 6 1 2; τ 4 [Al ( 1)] = 0. 9 4. N ot e t h e h y dr o g e n b o n d t h at e xists b et w e e n o n e of t h e li g a n d 

o x y g e ns a n d t h e b as al N – H pr ot o n. 

  

T h es e cr yst al str u ct ur es pr o vi d e f urt h er e vi d e n c e t h at s u p p orts t h e c h e mi c al str u ct ur es w e 

h a v e assi g n e d t o n ot o nl y pr o d u cts 3 , 5 , a n d 6 , b ut als o t h e r est of t h e pr o d u cts; si n c e 

t h es e str u ct ur es m at c h w h at is pr e di ct e d b y 1 H a n d 1 3 C N M R s p e ctr os c o pi es e x a ctl y, it is 

pr o b a bl y a g o o d ass u m pti o n t h at t h e str u ct ur es w e h a v e assi g n e d t o pr o d u cts 4 , 7 , a n d 8  

ar e a c c ur at e. A d diti o n all y, t h es e cr yst al str u ct ur es gi v e us i nf or m ati o n a b o ut t h e 

c o nf or m ati o n al pr ef er e n c es of t h es e pr o d u cts; n ot a bl y, f or all of t h e cr yst al str u ct ur es 

r e p ort e d h er e, w e o bs er v e a h y dr o g e n b o n d b et w e e n t h e b as al N – H pr ot o n a n d o n e of t h e 

nitr o x yl o x y g e n at o ms. T his c a us es t h e li g a n d “ ar m ” c o nt ai ni n g t his o x y g e n at o m t o 

r e a c h d o w n w ar ds t o w ar ds t h e b as al N – H. 
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2. 2 K e y o bs er v ati o ns i n v ol vi n g t h e ki n eti cs a n d e q uili bri a of ( Tri N O x) M r e a cti vit y wit h 

al c o h ols 

  T h e s y nt h es es of pr o d u cts 3 , 5 , 6 , a n d 7 , a n d t h e p arti al s y nt h es es of pr o d u cts 4  

a n d 8 , h a v e l e d us t o m a k e a f e w k e y o bs er v ati o ns, w hi c h ar e as f oll o ws:  

1)  T h es e al c o h ol a d diti o n r e a cti o ns ar e di ct at e d b y e q uili bri a, as e vi d e n c e d b y 

t h e “ p us hi n g ” of t h e s y nt h esis of 3  t o c o m pl eti o n b y a d di n g t w o e xtr a 

e q ui v al e nts of t ert- b ut a n ol. T his is als o s u p p ort e d b y t h e f oll o wi n g 

o bs er v ati o n: w hil e t h e stirr e d r e a cti o n of 2  wit h t ert- b ut a n ol at r o o m 

t e m p er at ur e pr o d u c es mi ni m al 4 , t h e cr yst alli z ati o n att e m pt of 4  at - 2 5° C 

r es ults i n t h e cr as hi n g o ut of n o n- cr yst alli n e 4 , w hi c h l e a ds t o t h e “ p ulli n g ” of 

t h e r e a cti o n f or w ar d d u e t o t h e l oss of 4  i n s ol uti o n. T his is L e C h at eli er 

pri n ci pl e b e h a vi or, a n d s u p p orts t h e i d e a t h at t h es e r e a cti o ns ar e i n 

e q uili bri u m. 

2)  T h es e r e a cti o ns r e a c h e q uili bri u m wit hi n 2 4 h w h e n r u n at r o o m t e m p er at ur e. 

T his is e vi d e n c e d b y t h e l a c k of si g n al c h a n g es i n t h e cr u d e 1 H N M R s p e ctr a 

of t h e al c o h ol a d diti o n pr o d u ct f or m ati o n r e a cti o ns aft er 2 4 h. T his 

o bs er v ati o n si m pl y all o ws us t o o p er at e m or e s o u n dl y u n d er t h e ass u m pti o n 

t h at t h es e r e a cti o ns ar e di ct at e d b y e q uili bri a. 

3)  T h e r e a cti o ns of b ot h 1  a n d 2  wit h m or e a ci di c al c o h ols, li k e p h e n ol a n d 

b e n z yl al c o h ol, h a v e f ast er r at es t h a n t h os e wit h l ess a ci di c al c o h ols li k e t ert-

b ut a n ol. T his is s u p p ort e d b y t h e pr e ci pit ati o n of w hit e s oli d 5 , 6 , a n d 7  t h at 

o c c urs m u c h f ast er t h a n t h e i n cr e as e i n tr a nsl u c e n c y i n di c ati v e of pr o d u ct 3  
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f or m ati o n. T his l e a ds us t o t h e ori z e t h at i n cr e as e d al c o h ol a ci dit y i n cr e as es 

al c o h ol a d diti o n r e a cti o n r at e. 

4)  R e a cti o ns of t ert- b ut a n ol wit h 1 ar e f ast er t h a n wit h 2 . T his is e vi d e n c e d b y 

t h e si g nifi c a nt yi el d of 3  w e o bt ai n aft er 2 4 h of r e a cti o n ti m e at r o o m 

t e m p er at ur e, v ers us t h e l ess i m pr essi v e yi el d of 4  w e o bt ai n aft er 4 m o nt hs of 

r e a cti o n ti m e at - 2 5° C . B as e d o n t his, w e t h e ori z e t h at t he ( Tri N O x) M m et al 

c e nt er h as a n i m p a ct o n r e a cti o n r at e — m or e s p e cifi c all y, t h at t h e hi g h er 

L e wis a ci dit y of Al c o m p ar e d t o G a i n cr e as es r e a cti o n r at e si g nifi c a ntl y. 

5)  T h e % c o n v ersi o n of r e a cti o ns of b ot h 2  wit h  m or e a ci di c al c o h ols is hi g h er 

t h a n t h at wit h l ess a ci di c al c o h ols. T his is e vi d e n c e d b y t h e c o m pl eti o n of t h e 

r e a cti o n of 2 wit h p h e n ol, t h e 5 6 % c o n v ersi o n of 2  t o 8  w h e n r e a cti n g wit h 

b e n z yl al c o h ol, a n d t h e e xtr e m el y l o w c o n v ersi o n t o 4  w e s e e w h e n 2  re a cts 

wit h t ert- b ut a n ol. W e t h e ori z e t h at i n cr e as e d al c o h ol a ci dit y, i n a d diti o n t o 

i n cr e asi n g r e a cti o n r at e, als o i n cr e as es r e a cti o n yi el d or % c o n v ersi o n. 

6)  T h e % c o n v ersi o n of r e a cti o ns of al c o h ols wit h c o m pl e x 1  ar e hi g h er t h a n 

t h os e wit h c o m pl e x 2 . T his is e vi d e n c e d b y t h e c o m p ar ati v el y pl e ntif ul yi el ds 

of 3  a n d 7  w e o bt ai n v ers us t h e v er y p o or yi el d of 4  a n d 8  w e o bt ai n w h e n w e 

r e a ct o n e e q ui v al e nt of t ert- b ut a n ol a n d b e n z yl al c o h ol wit h b ot h 1  a n d 2 , 

r es p e cti v el y. T his l e a ds us t o t h e ori z e t h at t h e hi g h er L e wis a ci dit y of t h e Al 

at o m f o u n d i n c o m pl e x 1  c o m p ar e d t o t h e G a at o m f o u n d i n c o m pl e x 2  

e n c o ur a g es l ar g er % c o n v ersi o n v al u es. 

T o pr o p erl y ass ess t h e v ali dit y of o ur t h e ori es b as e d o n t h e o bs er v ati o ns a b o v e, 

w e d e ci d e d t o e x pl or e b ot h t h e ki n eti cs a n d t h er m o d y n a mi cs of t h e O – H b o n d a cti v ati o n 
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r e a cti o ns of c o m p o u n ds 1  a n d 2  wit h al c o h ols wit h f urt h er e x p eri m e nt ati o n. T h es e 

e x p eri m e nts i n cl u d e ki n eti c is ot o p e e x p eri m e nts usi n g t ert-b ut a n ol a n d t ert- b ut a n ol-O D 

t o d e m o nstr at e a ki n eti c is ot o p e eff e ct ( KI E) t h at s h o ul d gi v e m e c h a nisti c i nsi g ht i nt o t h e 

O – H b o n d a cti v ati o n of t ert-b ut a n ol b y 1 . A d diti o n all y, wit h t h e al c o h ols t ert- b ut a n ol, 

is o pr o p a n ol, a n d m et h a n ol, w e p erf or m e x p eri m e nts t o d et er mi ne t h e i niti al r at es of t h es e 

r e a cti o ns; t h e r es ults of t h es e e x p eri m e nts c a n  r e v e al t h e eff e cts t h at m et al c e nt er a n d 

al c o h ol a ci dit y h a v e o n r e a cti o n r at e. Fi n all y, w e p erf or m e x p eri m e nts t o e x pl or e h o w 

w ell t h e e q uili bri a of t h e r e a cti o ns of 1  a n d 2  wit h v ari o us al c o h ols ar e aff e ct e d b y 

al c o h ol s u bstr at e a ci dit y ( p K a ), as w ell as b y m et al c e nt er. 

  

2. 3 D et er mi n ati o n of a n or m al ki n eti c is ot o p e eff e ct r e v e als m e c h a nisti c i nsi g ht i nt o t h e 

r e a cti o n of ( Tri N O x) Al wit h t ert- b ut a n ol 

  F oll o wi n g t h e pr o c e d ur es d es cri b e d i n S e cti o n 4. 3, ki n eti c is ot o p e e x p eri m e nts 

w er e p erf or m e d o n t h e r e a cti o ns of 1  wit h t ert- b ut a n ol a n d t ert- b ut a n ol-O D . T h es e 

r e a ct a nts w er e pi c k e d d u e t o t h eir e as y-t o-tr a c k r e a cti o ns a n d t h e r e a d y a v ail a bilit y of 

t ert- b ut a n ol-O D  i n t h e l a b or at or y. T h e r e a cti o n c o n diti o ns f or e a c h tri al w er e i d e nti c al: 

i niti al e q ui m ol ar l o a di n gs of 1  a n d a p pr o pri at e al c o h ol w er e i ntr o d u c e d t o e a c h ot h er i n 

a n airfr e e, s e pt u m-s e al e d N M R t u b e, aft er t h e a d diti o n of t h e i nt er n al st a n d ar d 

( h e x a m et h yl c y cl otrisil o x a n e) at o n e-si xt h t h e m ol arit y of t h e r e a ct a nts. St o c k s ol uti o ns of 

st arti n g m at eri als w er e dis p e ns e d usi n g g asti g ht s yri n g es t o i m pr o v e a c c ur a c y. R e a cti o n 

pr o gr ess w as tr a c k e d usi n g 1 H N M R s p e ctr a r e c or d e d at r e g ul ar ti m e i nt er v als. R a w d at a 

is dis pl a y e d i n Fi g u r e S 2 2 .  
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Fi g u r e 4 A s h o ws t h e r e a cti o n pr ofil es of t h e r e a cti o n b et w e e n 1  a n d t ert- b ut a n ol 

a n d t ert- b ut a n ol- O D f or o n e s el e ct e d e x p eri m e ntal  tri al; t h e i n cr e as e of t h e c o n c e ntr ati o n 

of pr o d u ct 3 o v er ti m e i n mi n ut es is o bs er v e d t o b e f ast er t h a n t h at f or 3 -D . Fi g u r e 4 B  

s h o ws t h e li n e ar a p pr o xi m ati o ns of t h e i niti al r at es of b ot h r e a cti o ns i n t h e s a m e tri al. 

O v er a t ot al of t hr e e tri als, t h e KI E dis pl a y e d i n t h e c o n v ersi o n of 1  t o 3  & 3 -D  a v er a g es 

t o a v al u e of 1. 1 8. T his is a s m all KI E v al u e, a n d it s u g g ests t h e tr a nsiti o n st at e of t h e 

al c o h ol d e pr ot o n ati o n st e p is n o n-li n e ar. 4 6  

 

Fi g u r e 4 . A. Ki n eti cs of t h e f or m ati o n of pr o d u ct 3  a n d its is ot o p ol o g u e 3 -D  o v er ti m e of 

r e a cti o n i n mi n ut es. L o a d e d c o n c e ntr ati o ns of ( Tri N O x) Al a n d tB u O H/ O D w er e 6 m M. 

Tri al d at a r e pr es e nt ati v e of n  = 3 e x p eri m e nt al tri als. B . Li n e ar fits of i niti al r at es of t h e 

s a m e r e a cti o ns o v er ti m e of r e a cti o n. 

 

 

T his r es ult a gr e es wit h t h e fi n di n gs of M a e n a g a a n d Gr a v es, i n w hi c h t h e y 

c o m p ut ati o n all y d eri v e d a s q u ar e-li k e tr a nsiti o n st at e at t h e p oi nt of O – H b o n d 

a cti v ati o n. 4 5  A s q u ar e-li k e tr a nsiti o n st at e, s u c h as t h e o n e p ortr a y e d i n Fi g u r e 5 , w o ul d 

A 

C o n c e ntr ati o n  of 3 & 3- D v s. ti m e 

2 0 ~--.----.----,.-.---,----.----,.-.---,---. ......... 
• • 1. 6 1-------- ... -,.----.-.-. 

..................... ;·• •............. 
E - 1. 2 1-----.-,-. u _ _ _ _ _ , _. _ _ _ _ _ _  _ 
:::, ... 

o. s 1 ~----------.... 
.. e: 

. &. [ H( Tri N O x) Al Ot B u]  ( m M) 

[ D( Tri N O x) AI Ot B u]  ( m M) 

1 1 0  2 2 0  3 3 0  4 4 0  5 5 0 

ti m e  ( mi n) 

B 

Li n e ar a p pr o xi m ati o n  of  i niti al r at e s 

1. 0 r----.----r-----r-..---r-----r-,.---.-----.----, 

S' 
c o 
C) 0. 6 1--------

< x:: 
x 
0 
2 o. 4 
· c 
t:.. 
0 
:i: 0. 2 

2 0  4 0  6 0 

ti m e ( mi n) 
8 0 1 0 0 

k h 0. 0 0 8 1 6 6 

k d = 0. 0 0 6 8 4 8 = 
1
•
1 9 
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c o nsist of pr e d o mi n a ntl y O – H b o n d b e n di n g m o d es r at h er t h a n str et c hi n g m o d es, a n d 

w o ul d t h er ef or e b e m or e c o nsist e nt wit h t h e l o w KI E w e d et er mi n e fr o m t his 

e x p eri m e nt. 4 6   

 

 

 

 

 

 

 

 

2. 4 Ki n eti c m e as ur e m e nts r e v e al t h e eff e cts t h at Al a n d G a L e wis a ci dit y a n d al c o h ol p K a  

h a v e o n r e a cti o n r at es 

I niti al o bs er v ati o ns r e g ar di n g r e a cti o n r at e, s u c h as wit n essi n g t h e sl o w i n cr e as e 

i n tr a nsl u c e n c e of t h e r e a cti o n of 1  wit h t ert- b ut a n ol, or t h e f ast pr e ci pit ati o n of t h e w hit e 

s oli d 5  u p o n r e a cti o n of 1  wit h p h e n ol, i n di c at e d t o us t h at al c o h ol a ci dit y m a y h a v e a n 

i m p a ct o n r at e of r e a cti o n. Usi n g t h e m et h o ds d es cri b e d i n S e cti o n 4. 3, 1 H N M R 

s p e ctr os c o p y w as i m pl e m e nt e d t o tr a c k t h e i niti al r at es of t h e r e a cti o ns of c o m pl e x es 1  

a n d 2  wit h t h e al c o h ols t ert- b ut a n ol ( pK a  = 3 2. 2), is o pr o p a n ol ( pK a  = 3 0. 2 5), a n d 

m et h a n ol ( p K a  = 2 9. 0). E q ui m ol ar l o a di n gs of 1  a n d t h e a p pr o pri at e al c o h ol w er e 

i ntr o d u c e d t o e a c h ot h er i n a n airfr e e, s e pt u m-s e al e d N M R t u b e, aft er t h e a d diti o n of t h e 

Fi g u r e 5 . Tr a nsiti o n st at e r e pr es e nti n g 

t h e p oi nt of O – H b o n d a cti v ati o n i n t h e 

c o n v ersi o n of c o m pl e x 1  t o pr o d u ct 3 . 

N ot e t h e s q u ar e-li k e s h a p e of t h e 

tr a nsiti o n st at e. R e pr o d u c e d fr o m 

M a e n a g a a n d Gr a v es. 4 5   
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i nt er n al st a n d ar d at o n e-si xt h t h e m ol arit y of t h e r e a ct a nts. St o c k s ol uti o ns of st arti n g 

m at eri als w er e dis p e ns e d usi n g g asti g ht s yri n g es t o i m pr o v e a c c ur a c y — n ot e t h at t h es e 

ar e t h e s a m e c o n diti o ns us e d t o p erf or m t h e ki n eti c is ot o p e e x p eri m e nts d et ail e d i n 

S e cti o n 2. 3. N M R s p e ctr a w er e r e c or d e d e v er y 2 mi n ut es, wit h t h e e x c e pti o n of t h e 

r e a cti o ns b et w e e n 1  a n d m et h a n ol, w hi c h i nst e a d h a d N M R s p e ctr a r e c or d e d e v er y 1 

mi n ut e. Al k o x yl at e li g a n d (- O tB u, - O iPr, a n d - O M e) si g n als of t h e pr o d u ct f or e a c h 

r es p e cti v e r e a cti o n w er e i nt e gr at e d; t h es e v al u es w er e c o n v ert e d i nt o c o n c e ntr ati o n of 

pr o d u ct wit h t h e i m pl e m e nt ati o n of t h e i nt er n al st a n d ar d of k n o w n c o n c e ntr ati o n, a n d 

t h e n pl ott e d a g ai nst t h e ti m e of r e a cti o n. E x p eri m e nts w er e p erf or m e d i n tri pli c at e. T h e 

o bs er v e d i niti al r at es of t h es e tri als ar e t a b ul at e d i n T a bl e 1  a n d pl ott e d as a f u n cti o n of 

al c o h ol p K a  p er c o m pl e x i n Fi g u r e 6 . T h e r a w d at a pl ots a n d i niti al r at es f or all of t h e 

r e a cti o ns c a n b e f o u n d i n Fi g u r e S 2 3- 2 5 . 

 

T a bl e 1 . I niti al r at es of r e a cti o n of c o m pl e x es 1  a n d 2  wit h  t ert- b ut a n ol, is o pr o p a n ol, a n d 

m et h a n ol, at l o a d e d c o n c e ntr ati o ns of 6 m M. A ci diti es r e pr es e nt e d b y p K a  m e as ur e d i n 

D M S O. 4 7  

 

 

s u b str at e  

p K a  

( D M S O)4 7  
a v er a g e i niti al r at e ( m M• mi n- 1) 

r e a cti o n wit h 1  r e a cti o n wit h 2  
tB u O H  3 2. 2  0. 0 1 2 4  ± 0. 0 0 0 6  0. 0 0 0 7  ± 0. 0 0 0 3  
iPr O H  3 0. 2 5  0. 4 3 3 3  ± 0. 0 4 1 0  0. 0 0 7 6  ± 0. 0 0 0 6  

M e O H  2 9. 0  0. 9 3 2 0  ± 0. 0 8 6 9  0. 1 8 3 8  ± 0. 0 1 2 4  
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Fi g u r e 6 . Pr o p os e d li n e ar r el ati o ns hi ps of t h e n e g ati v e l o g arit h m of t h e i niti al r e a cti o n 

r at es of c o m pl e x es 1  a n d 2  wit h s el e ct e d al c o h ols vs. t h e s el e ct e d  al c o h ol pK a  v al u es. 

 

T h e d at a dis pl a y e d i n  Fi g u r e 6 si m ult a n e o usl y ill ustr at es t w o i m p ort a nt fi n di n gs: 

t h e first is t h at ( Tri N O x) Al (1 ) r e a cts wit h all t h e s ur v e y e d al c o h ols ( a n d pr es u m a bl y 

al c o h ols i n g e n er al) f ast er t h a n ( Tri N O x) G a ( 2 ). T his is m ost li k el y a r es ult of t h e hi g h er 

L e wis a ci dit y of 1  c o m p ar e d t o 2 . T his tr e n d c a n b e dir e ctl y o bs er v e d i n Fi g u r e 7 , w hi c h 

pl ots t h e r e a cti o n pr ofil es of is o pr o p a n ol r e a cti n g wit h c o m pl e x 1  a n d 2 , t h e f or m er of 

w hi c h is m or e L e wis a ci di c t h a n t h e l att er. O n e c a n cl e arl y s e e t h at t h e m or e L e wis a ci di c 

c o m pl e x 1  s e es a f ast er r e a cti o n wit h is o pr o p a n ol t h a n c o m pl e x 2  d o es. 

3. 5 

2. 8 ,.... 
' C 

2 2 
~-

E 
Q) 1. 5 

c o ,. _ 

C 
.. =.. 
c. 0. 2 

M e O H 

( Tri N O x) G a 
y = 0. 7 5 8 4 x - 2 1. 1 3 

R 2 = 0. 9 7 8 4 
' B u O H 

( Tri N O x) AI 
y = 0. 6 4 2 2 x- 1 8. 7 4 5 

R 2 = 0. 9 5 5 3 

- 0. 5 .... _ _ _. _ _...... _ _ _, _ _. _ _.. _ _ _ _. _ _...... _ _ _, _..... _ _. 

2 8 2 9 3 0  3 1 3 2 3 3 

R O H p K a 
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Fi g u r e 7 . R e a cti o n pr ofil es of c o m pl e x es 1  a n d 2  r e a cti n g wit h is o pr o p a n ol i n 

C 6 D 6  at 2 0 ° C.  

 

 T h e s e c o n d fi n di n g is t h at al c o h ol a ci dit y l e a ds t o a p ositi v e c orr el ati o n wit h 

r e a cti o n r at e; i n ot h er w or ds, t h e m or e a ci di c t h e al c o h ol, t h e f ast er it u n d er g o es r e a cti o n 

wit h  ( Tri N O x) M. Fi g u r e 8  dir e ctl y ill ustr at es t his; it pl ots t h e r e a cti o n pr ofil es of 

c o m pl e x 2  r e a cti n g wit h e a c h of t h e t hr e e al c o h ols utili z e d i n t h es e ki n eti cs e x p eri m e nts, 

e a c h of w hi c h diff er i n p K a  b y o n e or t w o u nits.  

 

Fi g u r e 8 . R e a cti o n pr ofil es of t ert- b ut a n ol, is o pr o p a n ol, a n d m et h a n ol r e a cti n g wit h 

c o m pl e x 2  i n C6 D 6  at 2 0 ° C. 

1. 5 .---r----r---,--.-----.-----.-..----.----,----, 

-
. _ S 1. 2 • • • 

····-··-····. -- •..• -----·······----· • Q. · o 0. 9 M = 
--•·--------·····----·--------·----------------• Al x 

0 0. 6 

z 
·;:: 
f-
I o. 3 

••••• 1 1-

0 . 0 l-.... _ =-.... _ _.... _ _.... _ _.... _ _.... _ _.... _ _.... _ _.... _ _.... _ _.... _ _ _ _. 

0  2  4  6  8  1 0  1 2  1 4  1 6  1 8  2 0  2 2  2 4  2 6 

ti m e ( mi n) 

1. 0 ,---.-----.---,--.-----.-----.-.----.-----.---, 

E o. 8 

-c c 
0 0. 6 --------
c u 
(. 9 

x 
0 0. 4 ~----------- 1 

z 
-;:: 

c 
0. 2 

R ( p K a) = 

• t B u ( 3 2. 2) 
A i Pr ( 3 0. 2 5) 

M e ( 2 9. 0) 

o. o- _. _- ~.. _ ...... _ _ _. _ _, _ _.... _ _ ..... _. _ 
0 2 4  6 8  1 0 

ti m e ( mi n) 
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T h e pr o p os e d e x p o n e nti al r el ati o ns hi p b et w e e n i niti al r at e a n d al c o h ol a ci dit y, pl ott e d i n 

Fi g u r e 6 , n e e ds t o b e f urt h er v erifi e d wit h m or e d at a p oi nts, i d e all y wit h t h e r e a cti o ns of 

b e n z yl al c o h ol, 2, 2, 2-trifl u or o et h a n ol, a n d ot h ers, wit h c o m pl e x es 1  a n d 2 . H o w e v er, 

i niti al i n v esti g ati o ns i nt o t h e ki n eti cs of t h es e r e a cti o ns s h o w t h at t h e r e a cti o n r at es ar e 

f ar t o o f ast f or o ur N M R s p e ctr o m et er t o o bs er v e, si n c e it is e q ui p p e d wit h a s a m pl e 

l o a d er t h at r e q uir es 3 0 s e c o n ds t o i nj e ct t h e s a m pl e i nt o t h e m a g n et (t h e r e a cti o ns ar e 

n e arl y c o m pl et e b y t h at p oi nt).  

T h e m e c h a nisti c i m pli c ati o ns of t h es e fi n di n gs ali g n wit h t h os e c o m p ut ati o n all y 

e x pl or e d i n M a e n a g a & Gr a v es ; t h e g as p h as e, B 3 L Y P c al c ul at e d a cti v ati o n b arri er of t h e 

r e a cti o n of 1  wit h t ert-b ut a n ol w as r e p ort e d as 2 7. 7 k c al/ m ol, w hil e t h e s a m e b arri er f or 

t h e r e a cti o n of 2  wit h p h e n ol w as 1 1. 1 k c al/ m ol.4 5  T his s u g g ests t h at al c o h ol a ci dit y 

l o w ers t h e e n er g eti c h ei g ht a cti v ati o n b arri er i n a n i m pr essi v e w a y — e v e n i n r e a cti o n 

wit h t h e l ess L e wis a ci di c, l ess r e a cti v e c o m pl e x 2 , t h e hi g h er al c o h ol a ci dit y of p h e n ol 

c o m p ar e d t o t ert- b ut a n ol l o w er e d t h e a cti v ati o n b arri er b y 1 6. 6 k c al/ m ol. T his l o w eri n g 

i n a cti v ati o n b arri er i m pli es f ast er r e a cti o n r at es, w hi c h is e x a ctl y w h at w e h a v e r e p ort e d 

h er e: r e a cti o ns of 1  a n d 2  wit h m or e a ci di c al c o h ols r es ults i n f ast er i niti al r at es of 

r e a cti o n. 

 

2. 5 S cr e e ni n g of O – H b o n d a cti v ati o n a cr oss r a n g e of al c o h ols el u ci d at es t h e 

r el ati o ns hi p b et w e e n O – H b o n d a ci dit y a n d r e a cti o n e q uili bri u m c o nst a nt 

  T o e x pl or e t h e ori gi n of t h e diff er e n c e i n r e a cti vit y b et w e e n 1  a n d 2  t o w ar ds 

al c o h ols, w e s et o ut t o s cr e e n a r a n g e of al c o h ols wit h v ar yi n g a ci diti es wit h t h e t w o 

c o m pl e x es, usi n g t h e m et h o ds d et ail e d i n s e cti o n 4. 3. B as e d o n o ur i niti al o bs er v ati o ns, 
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w e  e x p e ct e d t h at 1  w o ul d e x hi bit hi g h er r e a cti vit y t o w ar ds al c o h ols a cr oss t h e r a n g e of 

a ci dit y t h a n 2 d o es; w e als o pr e di ct e d t h at as O – H p K a  d e cr e as e d, t h e K e q  of a gi v e n 

r e a cti o n w o ul d i n cr e as e. 

W e s el e ct e d al c o h ols t h at r a n g e d fr o m t h e l e ast a ci di c al c o h ol list e d i n t h e 

B or d w ell D M S O p K a  lit er at ur e (t ert- b ut a n ol, pK a = 3 2. 2) t o p h e n ol ( p K a  = 1 8. 0), t h e 

al c o h ol wit h w hi c h b ot h 1  a n d 2  r e a ct c o m pl et el y. T h e al c o h ols w e r e a ct e d wit h 1  a n d 2 , 

t h eir c orr es p o n di n g pK a v al u es, t h e % c o n v ersi o n of e a c h r e a cti o n, a n d t h e K e q  a n d pK e q  

of e a c h r e a cti o n is r e c or d e d i n T a bl e 2 .  

 

T a bl e 2.  P er c e nt c o n v ersi o n, K e q , a n d  p K e q  v al u es of r e a cti o ns of v ari o us al c o h ols wit h 

c o m p o u n ds 1   a n d 2 . All   r e a cti o ns  w er e  r u n  i n  b e n z e n e- d 6  at  r o o m  t e m p er at ur e. 

E x p eri m e nts  w er e  p erf or m e d  o n c e  ( n   =  1);  pr eli mi n ar y  e x p eri m e nts  s h o w  n o  r e as o n  t o 

b eli e v e e x c e e di n gl y l o w d e vi ati o n o c c urs fr o m t h es e r e p ort e d v al u es. 

 

 

s u b str at e  

p K a  

( D M S O)4 7  
r e a cti o n wit h 1  r e a cti o n wit h 2  

c o n v er si o n, %  K e q  p K e q  c o n v er si o n, %  K e q  p K e q  
tB u O H  3 2. 2  7 8  1. 0 8  0. 0 3 3 4  2 1  0. 0 5 6  1. 2 5 1  
iPr O H  3 0. 2 5  1 0 0  — 2 8  0. 0 8 5  1. 0 7 1  

M e O H  2 9. 0  1 0 0  — 3 5  0. 1 3 8  0. 8 6 0  

B n O H  2 8. 1 5  1 0 0  — 5 6  0. 4 8 2  0. 3 1 7 0  

C F 3 C H 2 O H  2 3. 4 5  1 0 0  — 7 8  2. 6 8 6  0. 4 2 9 1  

4- m et h o x y p h e n ol  1 9. 1  1 0 0  — 1 0 0  — 

p h e n ol  1 8. 0  1 0 0  — 1 0 0  — 

* T h e p K a  of b e n z yl al c o h ol i n D M S O i s n ot li st e d i n t h e B or d w ell p K a  c o m p e n di u m 4 7 . T h e v al u e r e p ort e d i s a p pr o xi m at e d 
b a s e d o n a s et of el e ctr o ni c c al c ul ati o n s p erf or m e d i n G a u s si a n 1 6 . T h e pr e di cti o n i s b a s e d o n a li n e ar fit t h at pl ott e d p K a  
v al u e s d eri v e d fr o m  v al u e s of Δ G c al c ul at e d b y t h e G 4 c o m p o u n d m et h o d t o  t h e B or d w ell D M S O pK a . S e e s e cti o n 4. 4 f or 
c o m p ut ati o n al d et ail s.  

 
 
T h e d at a i n T a bl e 2  is pr es e nt e d i n Fi g u r e 9 , w hi c h cl e arl y ill ustr at es t h at c o m pl e x 1  

e x hi bits hi g h er r e a cti vit y t o w ar ds all of t h e al c o h ols t h a n 2  d o es. W e attri b ut e t his t o t h e 

diff er e n c e i n m et al c e nt er L e wis a ci dit y b et w e e n t h e c o m pl e x es. T h e o x y g e n at o m of t h e 

al c o h ol will c o or di n at e t o t h e m or e L e wis a ci di c Al c e nt er i n c o m pl e x 1  m or e f a v or a bl y 

t h a n it will t o t h e l ess L e wis a ci di c G a at o m i n c o m pl e x 2 ; t his m a nif ests as t h e r e a cti o n 
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c o or di n at e e n er g y of t h e al c o h ol- 1  a d d u ct i nt er m e di at e b ei n g l o w er t h a n t h e e n er g y of t h e 

al c o h ol- 2  a d d u ct i nt er m e di at e, w hi c h is als o a c o m p ut ati o n al fi n di n g of M a e n a g a & 

Gr a v es. I n t h eir w or k, t h e y c al c ul at e d t h e tB u O H• 1  a d d u ct i nt er m e di at e t o h a v e a fr e e 

e n er g y of - 1 4. 3 k c al/ m ol (r ef er e n c e d t o a z er o- e n er g y t h at r e pr es e nts t h e s u m of t h e fr e e 

e n er gi es of t h e is ol at e d st arti n g m at eri als), a n d t h e tB u O H• 2  a d d u ct i nt er m e di at e t o h a v e 

a fr e e e n er g y of - 1 2. 7 k c al/ m ol — a diff er e n c e of 1. 6 k c al/ m ol. 

M or e i m p ort a ntl y, Fi g u r e 9  dis pl a ys t h e f oll o wi n g tr e n d, p arti c ul arl y wit h 

c o m pl e x 2 : as al c o h ol pK a v al u e i n cr e as es, r e a cti vit y ( b est r e pr es e nt e d b y % c o n v ersi o n) 

wit h b ot h 1  a n d 2  d e cr e as e. Si n c e c o m pl e x 2  is l ess r e a cti v e wit h al c o h ols, w e g et a m or e 

di v ers e s et of % c o n v ersi o n v al u es fr o m t h eir r e a cti o ns, a n d w e w er e a bl e t o e x a mi n e t h e 

r el ati o ns hi p b et w e e n t h e K e q  of a r e a cti o n of 2 wit h a n al c o h ol a n d t h e al c o h ol’s p K a . 

Fi g u r e 1 0 s u g g ests a p ossi bl e li n e ar r el ati o ns hi p b et w e e n t h e p K e q of r e a cti o n a n d t h e p K a 

of t h e al c o h ol s u bstr at e. 

 

Fi g u r e 9 . T h e % c o n v ersi o n of t h e st arti n g c o m pl e x es t o t h eir c orr es p o n di n g al c o h ol 

pr o d u cts, pl ott e d a g ai nst t h e p K a  of t h e al c o h ol s u bstr at e. 
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Fi g u r e 1 0 . N e g ati v e l o g arit h m of t h e e q uili bri u m c o nst a nt of r e a cti o ns of 2  wit h al c o h ols 

of v ar yi n g a ci dit y pl ott e d a g ai nst t h e al c o h ol s u bstr at e p K a  v al u e. T h e e q u ati o n of b est fit 

of t his li n e is y = 0. 2 0 3 x – 5. 1 9, wit h R 2  = 0. 9 4 3. Si n c e n  = 1 f or t h es e e x p eri m e nts, t h er e 

ar e n o err or b ars pr o vi d e d. 

 

W hil e w e s us p e ct t h at t h er e is a p h ysi c al ori gi n t o t h e li n e ar r el ati o ns hi p b et w e e n r e a cti o n 

p K e q  a n d al c o h ol pK a  pr es e nt e d i n Fi g u r e 1 0 , w e d o n ot pr es e nt a n e x pl a n ati o n as t o w h at 

t his ori gi n m a y b e. M or e r es e ar c h is n e e d e d t o m a k e s u c h a cl ai m. 

T h e fi n di n gs pr es e nt e d h er e als o ali g n w ell wit h t h e fi n di n gs of M a e n a g a & 

Gr a v es r e g ar di n g r e a cti o n t h er m o d y n a mi cs: t h e y f o u n d t h at t h e O – H a cti v ati o n of p h e n ol 

( pK a  = 1 8. 0) b y 2  is 3. 0 k c al/ m ol m or e e x er g o ni c t h a n t h e O – H a cti v ati o n of t ert- b ut a n ol 

( pK a  = 3 2. 2) b y 1 , a n d t h at t h e Δ G f or c o m pl et e f or m ati o n of 6  is - 2 8. 6 k c al/ m ol, a n d f or 

3 , - 2 3. 3 k c al/ m ol. I n ot h er w or ds, t h e r e a cti o n wit h t h e m or e a ci di c al c o h ol s u bstr at e 

( p h e n ol) is m or e s p o nt a n e o us t h a n t h e r e a cti o n wit h t h e l ess a ci di c al c o h ol (t ert- b ut a n ol).  

Si mil ar l y t o t h e ki n eti c fi n di n gs, t h e a ci dit y of t h e al c o h ol o v er p o w ers t h e u nr e a cti vit y of 

2  c o m p ar e d t o 1  — i n t his t h er m o d y n a mi c c as e, p arti c ul arl y  w h e n it c o m es t o i nfl u e n ci n g 

1. 5 

o- 1. 0 

Cl.. 

C 
. Q 0. 5 ..... 
(..) 

c o 
Q,) 

0. 0 

- 0. 5 
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r e a cti o n e x er g o ni cit y a n d t h er ef or e K e q . O ur e x p eri m e nt al o bs er v ati o n of hi g h er v al u es of 

K e q  a s s o ci at e d wit h m or e a ci di c al c o h ols, r e g ar dl ess of c o m pl e x m et al c e nt er, ali g n wit h 

t h e c o m p ut ati o n al fi n di n gs of hi g h er r e a cti o n e x er g o ni cit y ass o ci at e d wit h a ci di c 

al c o h ols. 

 

3. C o n cl usi o n & F ut u r e W o r k 

 T h e s y nt h es es of a s eri es of al c o h ol a d diti o n pr o d u cts of al u mi n u m a n d g alli u m 

tri p o d al tris( nitr o xi d e) c o m pl e x es wit h si m pl e al c o h ols w er e p erf or m e d. Vi a el e m e nt-

li g a n d c o o p er ati v e c h e mistr y, t h e c o m pl e x es ( Tri N O x) Al (1 ) a n d ( Tri N O x) G a (2 ) 

f a cilit at e t h e O – H b o n d a cti v ati o n of al c o h ols of v ar yi n g a ci diti es. E arl y o bs er v ati o ns 

s u g g est e d t h at i d e ntit y of t h e c o m pl e x m et al c e nt er a n d a ci dit y of t h e al c o h ol h a v e m aj or 

r ol es i n aff e cti n g r e a cti o n. T o st u d y t his, ki n eti c a n d e q uili bri u m e x p eri m e nts w er e r u n 

wit h t h e utili z ati o n of 1 H N M R s p e ctr os c o p y. Utili zi n g r e a cti o n pr o gr ess ki n eti c a n al ysis 

m et h o ds t o r e c or d t h e i n cr e as e i n c o n c e ntr ati o ns of H( Tri N O x) M O R pr o d u cts, t h e ki n eti c 

e x p eri m e nts r e v e al e d t h at r e a cti o ns of t ert- b ut a n ol, is o pr o p a n ol, a n d m et h a n ol wit h 1  ar e 

gl o b all y f ast er t h a n t h os e wit h 2 , m ost li k el y d u e t h e pr es e n c e of a m or e L e wis a ci di c 

m et al c e nt er i n 1 . T h es e e x p eri m e nts als o c o nfir m e d t h e c o m p ut ati o n all y pr e di ct e d r es ult 

t h at al c o h ols of hi g h er a ci dit y dis pl a y f ast er r e a cti o n ki n eti cs. Als o usi n g 1 H N M R 

s p e ctr os c o p y, % c o n v ersi o n a n d e q uili bri u m c o nst a nts of t h e r e a cti o ns of 1  a n d 2  wit h 

s e v e n al c o h ols r a n gi n g i n a ci dit y fr o m p K a  = 1 8. 0 t o pK a  = 3 2. 2 w er e d et er mi n e d. 

P ositi v e r el ati o ns hi ps b et w e e n m et al c e nt er L e wis a ci dit y a n d al c o h ol a ci dit y w er e 

o bs er v e d; b ot h hi g h er m et al c e nt er L e wis a ci dit y a n d al c o h ol a ci dit y r es ult i n l ar g er 

v al u es f or r e a cti o n K e q . A d diti o n all y, a bri ef ki n eti c is ot o p e e x p eri m e nt w as p erf or m e d o n 
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t h e r e a cti o n of t ert- b ut a n ol wit h c o m pl e x 1  — t his u n c o v er e d a s m all KI E (k h / kd  = 1. 1 8). 

T his v al u e r e v e als a k e y m e c h a nisti c i nsi g ht: t h e tr a nsiti o n st at e of t h e O – H b o n d 

a cti v ati o n e v e nt is si g nifi c a ntl y n o nli n e ar, a n d t h us d o es n ot r es ult i n m u c h of a KI E. T his 

e x p eri m e nt all y d et er mi n e d v al u e a gr e es wit h t h e s q u ar e-li k e tr a nsiti o n st at e pr e vi o usl y 

pr e di ct e d vi a c o m p ut ati o n al m et h o ds. 

  As m e nti o n e d pr e vi o usl y m e nti o n e d, i m m e di at e f ut ur e w or k will f o c us o n 

e x p a n di n g t h e r a n g e of al c o h ols w e r e a ct wit h t h e ( Tri N O x) M c o m pl e x es. T his will 

i n v ol v e p erf or mi n g t h e s a m e ki n eti cs e x p eri m e nts o utli n e d a b o v e wit h al c o h ols of 

diff er e nt a ci diti es t h a n t h e o n es t est e d i n t his w or k. Si n c e al c o h ols m or e a ci di c t h a n 

m et h a n ol r e a ct f ast er t h a n t h e ti m e it t a k es f or t h e a ut o m at e d s a m pl e l o a d er t o i nj e ct t h e 

s a m pl e i nt o t h e N M R s p e ctr o m et er, w e will eit h er h a v e t o us e a n i nstr u m e nt t h at d o es n ot 

h a v e a n a ut o m at e d s a m pl e l o a d er, or c o ol d o w n t h e r e a cti o n t o a l o w er t e m p er at ur e s o 

t h at t h e i niti al r at es ar e n ot f ast er t h a n t h e a ut o m at e d s a m pl e l o a d er. A d diti o n all y, w e will 

n e e d t o i m pl e m e nt t h e c orr el ati o n c ur v e of t h e c o m p ut ati o n all y pr e di c t e d pK a  v al u es t o 

B or d w ell lit er at ur e D M S O p K a  v al u es, si n c e t h e B or d w ell lit er at ur e l a c ks d at a o n 

al c o h ols of a ci diti es a b o v e p K a  = 3 2. 2, b et w e e n pK a  = 2 9. 0 a n d pK a  = 2 4. 0, a n d b et w e e n 

p K a  = 2 3. 0 a n d pK a  = 2 0. 0. W e c a n us e t his c orr el ati o n (i. e., t h e li n e ar fit r el ati o ns hi p i n 

Fi g u r e 1 2 ) t o pr e di ct t h e str u ct ur es of al c o h ols t h at will h a v e pK a  v al u es i n t h es e r a n g es. 

T his will all o w us t o h a v e m or e d at a p oi nts t o f urt h er s u p p ort o ur cl ai ms b as e d o n t h e 

ki n eti cs a n d e q uili bri u m e x p eri m e nts. 

T o tr ul y t est t h e eff e ct m et al c e nt er L e wis a ci dit y h as o n b ot h ki n eti cs a n d 

e q uili bri a, it w o ul d b e b est t o h a v e m or e t h a n j ust t w o ( Tri N O x) M c o m pl e x es ( M = Al 

a n d G a). W e pl a n o n r ei m pl e m e nti n g t h e s y nt h esis of ( Tri N O x)I n, a n d d esi g ni n g a n d 
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pr ef or mi n g a s y nt h esis of ( Tri N O x) B, i n or d er t o r e a ct t h e s a m e s et of al c o h ols wit h t h es e 

n e w c o m pl e x es a n d s e e h o w t h e r e a cti vit y c o m p ar es w h at w e s e e wit h c o m pl e x 1  a n d 2 . 

I m p ort a ntl y, t his will i n v ol v e t h e q u a ntifi c ati o n of t h e L e wis a ci dit y of all f o ur of t h es e 

( Tri N O x) M c o m pl e x es ( M = B, Al, G a, I n), wit h v ari o us m et h o ds, s u c h as t h e G ut m a n-

B e c k ett m et h o d, 4 3 ,4 4  t h e C hil ds m et h o d,4 8  a n d a n o v el fl u or es c e n c e m et h o d;4 9 ,5 0  t his is t o 

e ns ur e t h at a n y r el ati o ns hi p w e fi n d b et w e e n r e a cti o n r at e or e q uili bri u m a n d L e wis 

a ci dit y is f o u n d e d o n q u a ntit ati v el y s o u n d gr o u n ds. 

T o f urt h er e x pl or e t h e m e c h a nis m a n d t h er m o d y n a mi cs of t h e O – H ( a n d 

p ot e nti all y E – H) b o n d a cti v ati o n d e m o nstr at e d b y ( Tri N O x) M, f ut ur e w or k will c o nsist 

of d et er mi ni n g t h e r e a cti o n or d er of t h e r e a cti o n of ( Tri N O x) M wit h a n al c o h ol s u bstr at e. 

R u n ni n g t h e s a m e t y p es of ki n eti cs e x p eri m e nts (s e cti o n 2. 3) w hil e c h a n gi n g t h e i niti al 

c o n c e ntr ati o ns of al c o h ol or ( Tri N O x) M will all o w us t o d et er mi n e r e a cti o n or d er wit h 

r es p e ct t o t h e r e a ct a nts. P erf or mi n g t h es e e x p eri m e nts will all o w us t o q u a ntit ati v el y 

d et er mi n e r at e e q u ati o ns a n d r at e c o nst a nts f or t h es e r e a cti o ns. A d diti o n all y, w e pl a n o n 

e x p eri m e nt all y d eri vi n g t h e Gi b bs e n er g y, e nt h al p y, a n d e ntr o p y of a cti v ati o n of t h es e 

c h e mi c al s yst e ms b y r u n ni n g t h es e ki n eti c e x p eri m e nts at diff er e nt t e m p er at ur es a n d 

i m pl e m e nti n g t h e E yri n g e q u ati o n a n d t h e c o n c e pts of tr a nsiti o n st at e t h e or y. Fi n all y, if 

w e d et er mi n e t h e e q uili bri u m c o nst a nt (t h e s a m e w a y w e h a v e d o n e s o i n s e cti o n 2. 4) of 

a gi v e n r e a cti o n of ( Tri N O x) M wit h  a n al c o h ol at diff er e nt t e m p er at ur es, w e c a n p erf or m 

a v a n’t H off a n al ysis a n d o bt ai n t h e t h er m o d y n a mi c p ar a m et ers of t his f a mil y of 

c h e mi c al r e a cti o ns. 

T o f urt h er e x pl or e t h e s c o p e of E – H b o n d a cti v ati o n p ossi bl e b y t h e ( Tri N O x) M 

c o m pl e x, w e pl a n t o e v e nt u all y p erf or m t h e s a m e e q uili bri u m a n d ki n eti cs e x p eri m e nts 
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wit h N – H, S – H, a n d C s p– H c o nt ai ni n g s u bstr at es. Pr eli mi n ar y i n v esti g ati o ns s h o w t h at 

b ot h c o m pl e x es 1  a n d 2  ar e c a p a bl e of a cti v ati n g N – H b o n ds of s ulf o n a mi d es a n d 

c ar b a m at es. A d diti o n all y, c o m pl e x 1  m a y b e a bl e t o r e a ct wit h si m pl e a mi n es, s u c h as 

di et h yl a mi n e, u n d er stri ct c o n diti o ns. T his s cr e e ni n g pr o c ess will i n cr e as e t h e li k eli h o o d 

of fi n di n g n e w w a ys t o i m pl e m e nt t h e ( Tri N O x) M c o m pl e x as a s ust ai n a bl e c at al yst, 

w hi c h is t h e ulti m at e g o al of t his r es e ar c h pr oj e ct. T his pr oj e ct is ri p e wit h p ot e nti al 

r es e ar c h dir e cti o ns, a n d t h er e ar e m a n y r e al ms i n w hi c h t o e x pl or e t his f as ci n ati n g 

c h e mi c al s yst e m. 
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4. M at e ri als & M et h o ds 

4. 1 P h ysi c al m e as ur e m e nts 

All 1 H N M R s p e ctr a w er e r e c or d e d at 2 9 3 K usi n g a Br u k er 4 0 0 M H z 

s p e ctr o m et er ( 3 9 9. 7 8 M H z f or 1 H) . C h e mi c al s hifts w er e r ef er e n c e d t o r esi d u al s ol v e nt. s 

= si n gl et, bs = br o a d si n gl et, d = d o u bl et, t = tri pl et, q = q u art et, p = p e nt et, t d = tri pl et of 

d o u bl ets, m = m ulti pl et, b m = br o a d m ulti pl et, at = a p p ar e nt tri pl et. X-r a y diffr a cti o n d at a 

w as c oll e ct e d eit h er o n a Br u k er A P E XII C C D ar e a d et e ct or or a Ri g a k u Xt a L A B 

S y n er g y- S diffr a ct o m et er e q ui p p e d wit h a n H P C ar e a d et e ct or, b ot h e m pl o yi n g gr a p hit e- 

m o n o c hr o m at e d M o- K α r a di ati o n ( λ = 0. 7 1 0 7 3 Å) at 1 0 0 K.  

 

4. 2. Pr e p ar ati o n of c o m p o u n ds 

 All r e a cti o ns a n d m a ni p ul ati o ns w er e p erf or m e d u n d er a n i n ert at m os p h er e ( N 2 ) 

usi n g st a n d ar d S c hl e n k t e c h ni q u es or i n a V a c u u m At m os p h er es, I n c. N e xt G e n dr y b o x 

e q ui p p e d wit h o x y g e n a n d m oist ur e p urifi er s yst e ms. Gl ass w ar e w as dri e d o v er ni g ht at 

1 5 0 ° C b ef or e us e. C 6 D 6 , C D Cl3 , a n d T H F - d 8 w er e d e g ass e d a n d st or e d o v er 3 Å a n d 4 Å 

m ol e c ul ar si e v es pri or t o us e. T etr a h y dr of ur a n, t ol u e n e, di c hl or o m et h a n e, h e x a n e, a n d 

p e nt a n e w er e s p ar g e d f or 2 0 mi n wit h dr y ar g o n a n d dri e d usi n g a c o m m er ci al t w o- 

c ol u m n s ol v e nt p urifi c ati o n s yst e m c o m prisi n g of t w o c ol u m ns p a c k e d wit h n e utr al 

al u mi n a (f or t etr a h y dr of ur a n a n d di c hl or o m et h a n e) or Q 5 r e a ct a nt t h e n n e utr al al u mi n a 

(f or h e x a n es, t ol u e n e, a n d p e nt a n e). A n y b e n z e n e or p yri di n e us e d w as p ur c h as e d 

a n h y dr o us a n d f urt h er dri e d o v er 4 Å m ol e c ul ar si e v es pri or t o us e. T h e ( Tri N O x) H 3 

li g a n d pr e c urs or w as pr e p ar e d a c c or di n g t o lit er at ur e pr o c e d ur es. 3 9  All ot h er r e a g e nts 
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w er e p ur c h as e d fr o m c o m m er ci al s o ur c es a n d us e d as r e c ei v e d. Li q ui d r e a g e nts w er e 

st or e d o v er 4 Å m ol e c ul ar si e v es pri or t o us e. 

4. 2. 1 S y nt h esis of H( Tri N O x) Al Ot B u ( 3 ) 

 T o s y nt h esi z e 3 , t hr e e m ol ar e q ui v al e nts ( 3 8. 8 m g, 0. 5 2 4 m m ol) of t ert- b ut a n ol 

w er e a d d e d t o 1 0 0 m g of 1  ( 0. 1 7 5 m m ol) diss ol v e d i n t ol u e n e i n a vi al a n d w er e all o w e d 

t o stir o v er ni g ht at r o o m t e m p er at ur e. S ol v e nt w as r e m o v e d fr o m t h e r e a cti o n v ess el vi a 

v a c u u m e v a p or ati o n a n d 8 8. 8 m g of s oli d 3 w as  c oll e ct e d ( 8 1 % yi el d). A 1 H N M R w as 

o bt ai n e d i n C 6 D 6  (Fi g u r e S 1 ). 1 H N M R ( C 6 D 6 ): 	δ 1 0. 9 5 ( bs, 1 H), δ 	7. 8 2 ( d, J = 8. 2 8 H z, 

3 H), δ 7. 0 2 ( d, J = 7. 6 H z, 3 H), δ 6. 8 9 (t, J = 7. 4, 3 H), δ 6. 7 0 ( d, J = 7. 6 4 H z, 3 H), δ 4. 7 1 

( d, J = 1 1. 7 2 H z, 3 H), δ 2. 2 4 ( d d, J = 1 1. 2 H z, J = 9. 6 H z, 3 H), δ 1. 8 1 (s, 9 H, O C( C H 3 )3 ), 

δ 1. 0 0 (s, 2 7 H, C( C H 3 )3 ). A pr ot o n- d e c o u pl e d 1 3 C N M R w as als o o bt ai n e d i n C 6 D 6 

(Fi g u r e S 1 7 ). 1 3 C N M R ( C 6 D 6 ): 	δ 1 5 4. 2 7 ( 1 C), δ 	1 3 2. 0 8 ( 3 C), δ 1 3 1. 7 2 ( 3 C), δ 1 2 9. 4 9 

( 3 C), δ 1 2 6. 0 8 ( 3 C), δ 1 2 4. 3 4 ( 3 C), δ 6 1. 5 2 ( 3 C), δ 5 7. 1 2 ( 3 C), δ 3 4. 6 3 ( 3 C), δ 2 6. 7 3 

( 9 C). Si n gl e- cr yst al str u ct ur e o bt ai n e d vi a X R C D h as b e e n pr e vi o usl y r e p ort e d; t h e 

str u ct ur e c a n b e f o u n d i n Fi g u r e S 2 1 A . 

 

4. 2. 2 S y nt h esis of H( Tri N O x) Al O P h ( 5 ) 

 O n e m ol ar e q ui v al e nt ( 1 6. 5 m g, 0. 1 7 5 m m ol) of p h e n ol w as a d d e d t o 1 0 0 m g of 1  

( 0. 1 7 5 m m ol) diss ol v e d i n t ol u e n e i n a vi al. T h e r e a cti o n w as all o w e d t o stir o v er ni g ht at 

r o o m t e m p er at ur e. T h e pr o d u ct pr e ci pit at es o ut of s ol uti o n as a w hit e s oli d, w hi c h is 

c oll e ct e d o v er a gl ass frit vi a v a c u u m filtr ati o n. T h e c oll e ct e d s oli d is t h e n w as h e d wit h 

c ol d h e x a n e, a n d t h e n tr a nsf err e d t o a vi al wit h p e nt a n e t o e ns ur e m a xi m u m c oll e cti o n 
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fr o m t h e frit. T h e p e nt a n e is t h e n e v a p or at e d fr o m t h e s us p e nsi o n, l e a vi n g t h e w hit e s oli d 

b e hi n d. A yi el d of 5 0. 0 m g ( 4 3 % yi el d) w as r e c o v er e d. A n 1 H N M R w as o bt ai n e d i n 

C D Cl 3  (Fi g u r e S 5 ). 1 H N M R ( C D Cl 3 ): δ 1 1. 0 2 ( bs, 1 H), δ 5. 0 3 ( d, J = 1 1. 8 H z), δ 3. 2 0 

(at , J = 1 0. 4 H z, J = 1 1. 0 H z, 3 H), δ 0. 7 3 (s, 2 7 H, C( C H 3 )3 ). 1 3 C N M R ( C D Cl 3 ): δ 1 5 3. 0 6 

( 1 C), δ 1 3 2. 3 3 ( 2 C), δ 1 2 9. 1 8 ( 3 C), δ 1 2 9. 1 8 ( 3 C), δ 1 2 8. 4 7 ( 3 C), δ 1 2 8. 3 7 ( 3 C), δ 1 2 5. 6 8 

( 1 C), δ 1 2 4. 5 5 ( 2 C), δ 6 8. 1 3 ( 3 C), δ 6 1. 6 6 ( 3 C), δ 2 6. 2 2 ( 9 C). 

4. 2. 3  Cr yst alliz ati o n of H( Tri N O x) Al O P h ( 5 ) 

 5 0 m g ( 0. 0 8 7 3 m m ol) of 1  w as diss ol v e d i n 5 m L of t ol u e n e, a n d 1 0. 1 m g ( 0. 1 0 7 

m m ol) of p h e n ol w as diss ol v e d i n 2 m L of t ol u e n e. T h e p h e n ol s ol uti o n w as t h e n l a y er e d 

o nt o t h e s ol uti o n of 1  a n d all o w e d t o r est at r o o m t e m p er at ur e f or o n e m o nt h, at w hi c h 

p oi nt tr a nsl u c e nt, c ol orl ess, s a n d-li k e cr yst als h a d cr as h e d o ut. T h e cr yst als w er e s uit a bl e 

f or X-r a y diffr a cti o n, a n d a si n gl e- cr yst al str u ct ur e w as c oll e ct e d (Fi g u r e 3 ). Its 

c oll e cti o n p ar a m et ers c a n b e f o u n d i n T a bl e S 1 .  

 

4. 2. 4 S y nt h esis of H( Tri N O x) G a O P h ( 6 ) 

 A p pr o xi m at el y o n e m ol ar e q ui v al e nt ( 1 5. 4 m g , 0. 1 6 4 m m ol) of p h e n ol w as a d d e d 

t o 1 0 0 m g of 2  ( 0. 1 6 3 m m ol) diss ol v e d i n t ol u e n e i n a vi al. T h e r e a cti o n w as all o w e d t o 

stir o v er ni g ht at r o o m t e m p er at ur e. T h e pr o d u ct pr e ci pit at es o ut of s ol uti o n as a w hit e 

s oli d, w hi c h is c oll e ct e d o v er a gl ass frit vi a v a c u u m filtr ati o n. T h e c oll e ct e d s oli d is t h e n 

w as h e d wit h c ol d h e x a n e, a n d t h e n tr a nsf err e d t o a vi al wit h p e nt a n e t o e ns ur e m a xi m u m 

c oll e cti o n fr o m t h e frit. T h e p e nt a n e is t h e n e v a p or at e d fr o m t h e s us p e nsi o n, l e a vi n g t h e 

w hit e s oli d b e hi n d.  A yi el d of 7 7. 4 m g ( 6 7 % yi el d) w as r e c o v er e d. A n 1 H N M R w as 
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o bt ai n e d i n C D Cl 3  (Fi g u r e S 4 ). 1 H N M R ( C D Cl 3 ): δ 1 0. 8 9 & 1 0. 5 8 ( d bs, 1 H), δ 4. 9 4 ( d, 

J = 1 1. 5 H z), δ 3. 1 2 ( at , J = 9. 6 H z, J = 2 1 H z, 3 H), δ 0. 6 6 (s, 2 7 H, C( C H 3 )3 ). Ar yl 

pr ot o ns ar e n ot r e p ort e d d u e t o p o or p e a k d efi niti o n i n t h e c h e mi c al s hift r a n g e of δ 8. 0 – 

6. 5 p p m. A si n gl e- cr yst al str u ct ur e o bt ai n e d vi a X R C D h as b e e n pr e vi o usl y r e p ort e d; t h e 

str u ct ur e c a n b e f o u n d i n Fi g u r e S 1 7 B . 1 3 C N M R ( C D Cl 3 ): δ 1 4 9. 5 8 ( 1 C), δ 5 9. 2 9 ( 3 C), δ 

5 6. 1 9 ( 3 C), δ 2 6. 4 4 ( 9 C). Ar yl pr ot o ns ar e n ot r e p ort e d d u e t o p o or p e a k d efi niti o n i n t h e 

c h e mi c al s hift r a n g e of δ 8. 0 – 6. 5 p p m.  

4. 2. 5 S y nt h esis of H( Tri N O x) Al O B n ( 7 ) 

 A p pr o xi m at el y o n e m ol ar e q ui v al e nt ( 1 9. 0 m g , 0. 1 7 5 7 m m ol) of b e n z yl al c o h ol 

w as a d d e d t o 9 9. 7 m g of 1  ( 0. 1 7 4 m m ol) diss ol v e d i n t ol u e n e i n a vi al. T h e r e a cti o n w as 

all o w e d t o stir o v er ni g ht at r o o m t e m p er at ur e. T h e pr o d u ct pr e ci pit at es o ut of s ol uti o n as 

a w hit e s oli d, w hi c h is c oll e ct e d o v er a gl ass frit vi a v a c u u m filtr ati o n. T h e c oll e ct e d 

s oli d is t h e n w as h e d wit h c ol d h e x a n e, a n d t h e n tr a nsf err e d t o a vi al wit h p e nt a n e t o 

e ns ur e m a xi m u m c oll e cti o n fr o m t h e frit. T h e p e nt a n e is t h e n e v a p or at e d fr o m t h e 

s us p e nsi o n, l e a vi n g t h e w hit e s oli d b e hi n d. A yi el d of 2 3. 7 m g ( 2 0 % yi el d) w as 

r e c o v er e d. A n 1 H N M R w as o bt ai n e d i n C 6 D 6  (Fi g u r e S 6 ). 1 H N M R ( C 6 D 6 ): δ	1 1. 0 4 ( b d, 

1 H), δ 7. 9 5 ( d, J = 6. 4 H z, 2 H), δ 7. 8 7 ( d, J = 8. 4 H z, 3 H), δ 7. 3 9 (t, J  = 7. 4 H z, 2 H), δ 

7. 0 2 ( d, J  = 7. 0 2 H z, 3 H), δ 6. 9 0 (t, J  = 7. 0 H z,  3 H), δ 6. 7 2 ( d, J = 8. 8 H z, 3 H), δ 5. 6 1( d, 

J  = 1 4. 4 H z, 1 H), δ 5. 5 6 ( d, J  = 1 4. 4 H z, 1 H), δ 4. 7 0 ( d, J = 1 2 H z), δ 2. 2 7 ( d d, J = 1 0. 8 

H z, J = 1 0. 4 H z, 3 H), δ 0. 9 7 (s, 2 7 H, C( C H 3 )3 ). A pr ot o n- d e c o u pl e d 1 3 C N M R w as als o 

o bt ai n e d i n C 6 D 6 (Fi g u r e S 2 0 ). 1 3 C N M R ( C 6 D 6 ): 	δ 1 5 4. 0 1 ( 2 C), δ 	1 3 2. 1 8 ( 3 C), δ 1 3 1. 6 8 

( 3 C), δ 1 2 9. 6 0 ( 3 C), δ 1 2 6. 7 4 ( 2 C), δ 1 2 6. 0 7 ( 2 C), δ 1 2 4 5. 6 4 ( 1 C), δ 1 2 4. 5 4 ( 3 C), δ 6 1. 6 6 

( 3 C), δ 5 7. 0 5 ( 3 C), δ 2 6. 5 4 ( 9 C). 
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4. 2. 6 S y nt h esis of H( Tri N O x) G a O C H 2 C F 3  f or 1 H N M R s p e ctr u m r ef er e n c e c oll e cti o n 

 T hr e e m ol ar e q ui v al e nts ( 1 5 m g, 0. 1 5 m m ol) of 2, 2, 2-trifl u or o et h a n ol w er e a d d e d 

t o 3 0. 8 m g of 2  ( 0. 0 5 m m ol) diss ol v e d i n t ol u e n e i n a vi al. T h e r e a cti o n w as all o w e d t o 

stir o v er ni g ht at r o o m t e m p er at ur e. T h e pr o d u ct pr e ci pit at es o ut of s ol uti o n as a w hit e 

s oli d, w hi c h is c oll e ct o v er a gl ass frit vi a v a c u u m filtr ati o n. T h e c oll e ct e d s oli d is t h e n 

w as h e d wit h c ol d h e x a n e, a n d t h e n tr a nsf err e d t o a vi al wit h p e nt a n e t o e ns ur e m a xi m u m 

c oll e cti o n fr o m t h e frit. T h e p e nt a n e is t h e n e v a p or at e d fr o m t h e s us p e nsi o n, l e a vi n g t h e 

w hit e s oli d b e hi n d. N o yi el d w as r e c or d e d, as all  t h e s oli d w as s u bs e q u e ntl y diss ol v e d i n 

C D Cl 3  a n d t h e n a n al y z e d b y 1 H N M R ( Fi g u r e S 1 0 ). 1 H N M R ( C D Cl 3 ): δ	1 1. 0 2 & 1 0. 6 5 

( bs, 1 H), δ 5. 0 0 ( d d, J = 1 1. 2 H z , J  = 1 0. 0 H z), δ 4. 2 7 ( d p, J  = 6 2. 4, J = 9. 6, 1 H), δ 3. 1 8 

( d d, J = 2 2. 8 H z, J = 1 3. 2 H z, 3 H), δ 0. 7 3 (s, 2 7 H, C( C H 3 )3 ). Ar yl pr ot o ns ar e n ot 

r e p ort e d d u e t o p o or p e a k d efi niti o n i n t h e c h e mi c al s hift r a n g e of δ 8. 0 – 6. 5 p p m. 

 

4. 3. 1 I m pl e m e nti n g 1 H N M R s p e ctr os c o p y t o p erf or m r e a cti o n pr o gr ess ki n eti c a n al ys es 

a n d c al c ul at e r e a cti o n e q uili bri u m c o nst a nts 

  H er e w e d es cri b e h o w w e utili z e d 1 H N M R s p e ctr os c o p y t o tr a c k b ot h t h e 

ki n eti cs of t h e r e a cti o ns b et w e e n c o m p o u n ds 1  a n d 2  wit h v ari o us al c o h ols, as w ell as t h e 

e q uili bri u m c o nst a nts of t h es e  r e a cti o ns. T o tr a c k ki n eti cs, w e i m pl e m e nt e d t e c h ni q u es 

cl os el y r el at e d t o w h at is k n o w n as r e a cti o n pr o gr ess ki n eti c a n al ysis ( R P K A), w hi c h 

i n v ol v es t h e a n al ysis of r e a ct a nt a n d pr o d u ct c o n c e ntr ati o n as a f u n cti o n of ti m e. T his 

c o n c e ntr ati o n d at a is t h e n pr o c ess e d t o b e tr a nsf or m e d i nt o v ari a bl es c o n v e ni e nt f or 

vis u al a n al ysis, 5 1  i. e., gr a p hs t h at pl ot pr o d u ct c o n c e ntr ati o n vs. ti m e. I n t his st u d y, w e 

m e as ur e t h e c o n c e ntr ati o n of ( Tri N O x) M- al c o h ol pr o d u cts o v er ti m e usi n g 1 H N M R 
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s p e ctr os c o p y; t h e i nt e nsit i es of t h e 1 H si g n als ori gi n ati n g fr o m t h es e pr o d u cts ar e dir e ctl y 

pr o p orti o n al t o pr o d u ct c o n c e ntr ati o n, w hi c h g o es o n t o b e c al c ul at e d e x a ctl y wit h t h e 

i m pl e m e nt ati o n of a n i nt er n al st a n d ar d of k n o w n c o n c e ntr ati o n (s e e 4. 3. 2 ). T o  d et er mi n e 

e q uili bri u m c o nst a nts, w e a n al y z e d si g n als of pr ot o ns fr o m t h e r e a ct a nts a n d pr o d u cts 

t h at ori gi n at e fr o m t h e s a m e p ositi o ns o n t h e Tri N O x li g a n d of e a c h s p e ci es t o d et er mi n e 

t h e r e a ct a nt-t o- pr o d u ct r ati os. H o w e v er, a n i nt er n al st a n d ar d is n’t n e c ess ar y t o d et er mi n e 

t h e c o n c e ntr ati o n of eit h er s p e ci e if t h e o nl y t w o s p e ci es i n s ol uti o n ar e t h e r e a ct a nt (1  or 

2 ) a n d its al c o h ol pr o d u ct; f ort u n at el y, t his is c o nsist e ntl y t h e c as e i n t h es e st u di es. W e 

si m pl y t o o k t h e r e a ct a nt- t o- pr o d u ct r ati os a n d n or m ali z e d t h e m t o t h e i niti al l o a d e d 

c o n c e ntr ati o n of r e a ct a nt (s e e 4. 3. 3 ). 

 T o  p erf or m t h es e ki n eti c a n d e q uili bri u m e x p erim e nts, w e n e e d e d t o c h o os e 

str o n g, i d e all y is ol at e d N M R p e a ks t h at a c c ur at el y r e pr es e nt t h e r e a ct a nts a n d pr o d u cts. 

Fi g u r e 8  ill ustr at es t h at t h e c h e mi c al s yst e m w e st u d y i n t his t h esis is i d e al f or t his t as k; 

n ot o nl y ar e t h er e t w o hi g hl y is ol at e d si g n als t h at r e pr es e nt t h e di ast er e ot o pi c li g a n d 

m et h yl e n e pr ot o ns, b ut t h e m or e u pfi el d o n e r eli a bl y u n d er g o es si g nifi c a nt, “ di a g n osti c ” 

mi gr ati o n t o a m or e u pfi el d c h e mi c al s hift a n d e x p eri e n c es a n a d diti o n al  J c o u pli n g u p o n 

pr o d u ct f or m ati o n. F urt h er m or e, t h e si g n als of t h e pr ot o ns o n t h e pr o d u ct al k o x yl at e 

li g a n d (- O R) ar e us u all y q uit e u ni q u e, a n d c a n b e e asil y  a n al y z e d t o r e c or d t h e i n cr e as e i n 

c o n c e ntr ati o n of t h e pr o d u ct. 
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Fi g u r e 8 . 1 H N M R s p e ctr u m of A.  ( Tri N O x) M, a n d t h e di a g n osti c si g n al r e gi o ns of its 

al c o h ol pr o d u cts H( Tri N O x) Al O iPr ( B .), H( Tri N O x) Al O B n (C ), a n d H( Tri N O x) Al OtB u 

(D ) i n C6 D 6 . E a c h u pfi el d ( Tri N O x) M di ast er e ot o pi c m et h yl e n e 3 H d o u bl et ( ~δ 2. 8 4  p p m)  

c o nsist e ntl y mi gr at es t o a m or e u pfi el d c h e mi c al s hift u p o n pr o d u ct f or m ati o n wit h a n 

al c o h ol; t h e m or e u pfi el d d o u bl et ( ~ δ 2. 4 5) p p m  als o g ai ns a c o u pli n g t o t h e b as al N- H, 

t ur ni n g i nt o a d o u bl et of d o u bl ets. I n B ., C ., a n d D ., t h e u ni q u e al k o x yl at e li g a n d si g n als 

of - O iPr, - O B n, a n d O tB u, r es p e cti v el y, ar e i n di c at e d. 

 

As ill ustr at e d i n Fi g u r e 8 , t h e si g n als t h at ori gi n at e fr o m pr ot o ns o n t h e pr o d u ct 

al k o x yl at e li g a n ds us u all y a p p e ar vis u all y is ol at e d a n d str o n g o n t h e N M R s p e ctr a. T h es e 

si g n als ar e i d e al t o a n al y z e a n d tr a c k t h e i n cr e as e i n pr o d u ct c o n c e ntr ati o n w h e n 

p erf or mi n g t h e ki n eti cs e x p eri m e nts. H o w e v er, w h e n c al c ul ati n g r e a ct a nt- t o- pr o d u ct 
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r ati os, t h e di ast er e ot o pi c m et h yl e n e si g n als of b ot h t h e r e a ct a nt a n d pr o d u ct ar e m or e 

a p pli c a bl e d u e t o t h e f oll o wi n g di a g n osti c pr o p ert y: t h e m or e u pfi el d m et h yl e n e d o u bl et 

t ur ns i nt o a d o u bl et of d o u bl ets (J H d -H d d  = 1 1. 6 H z, J N H -H d d  = 9. 6 H z) a n d c o nsist e ntl y 

mi gr at es t o a n e v e n m or e u pfi el d c h e mi c al s hift, ar o u n d δ 2. 4 5 p p m, u p o n al c o h ol 

pr o d u ct f or m ati o n. W h e n ( Tri N O x) M is i n e q uili bri u m wit h its gi v e n al c o h ol pr o d u ct, t h e 

u pfi el d m et h yl e n e si g n als of b ot h t h e st arti n g c o m pl e x a n d t h e pr o d u ct ar e pr es e nt i n t h e 

N M R s p e ctr u m; t h es e c a n b e i nt e gr at e d, a n d a r ati o t o r e a ct a nt- t o- pr o d u ct c a n b e 

d et er mi n e d. T his r ati o c a n b e n or m ali z e d t o t h e i niti al/ m a xi m u m c o n c e ntr ati o n of 

( Tri N O x) M/ pr o d u ct, a n d t h us, e q uili bri u m c o n c e ntr ati o ns a n d e q uili bri u m c o nst a nts c a n 

b e c al c ul at e d. 

 

4. 3. 2 Pr e p ar ati o n of st o c k s ol uti o ns of 1 , 2 , h e x a m et h yl c y cl otrisil o x a n e i nt er n al 

st a n d ar d, a n d al c o h ols 

 T o  e ns ur e a c c ur at e l o a di n gs of st arti n g m at eri als f or b ot h t h e ki n eti cs a n d 

e q uili bri u m d et er mi n ati o n e x p eri m e nts, st o c k s ol uti o ns of c o m p o u n ds 1  a n d 2 , t h e 

s el e ct e d  al c o h ol s u bstr at es, a n d t h e i nt er n al st a n d ar d (i.s.), h e x a m et h yl c y cl otrisil o x a n e, 

w er e pr e p ar e d i n C 6 D 6 ; t his w a y r e a ct a nts c o ul d b e dis p e ns e d usi n g v ol u m etri c all y 

pr e cis e, g asti g ht s yri n g es. T a bl e 3  lists t h e c o n c e ntr ati o ns of all st o c k s ol uti o ns pr e p ar e d 

t o p erf or m t h es e e x p eri m e nts; it als o lists t h e m ass es of r e a ct a nts a n d v ol u m es of s ol v e nt 

t h at w er e us e d e a c h ti m e a n e w st o c k s ol uti o n w as pr e p ar e d. 
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T a bl e 3 . C o n c e ntr ati o ns of st o c k s ol uti o ns pr e p ar e d f or ki n eti cs a n d e q uili bri u m 

d et er mi n ati o n e x p eri m e nts. 

c o m p o u n d  c o n c e ntr ati o n 
( m M) 

m a s s 
di s s ol v e d  

( m g) 

m m ol of 
c o m p o u n d  

v ol u m e 
of C 6 D 6  

( m L) 
1 9 . 0 3 0. 9  0. 0 5 4  6. 0  

2 9 . 0 3 3. 2  0. 0 5 4  6. 0  
h e x a m et h yl c y cl otri sil o x a n e  6 . 0 6. 7  0. 0 3 0  5. 0  

t ert-b ut a n ol  3 6 . 0 8. 0  0. 1 0 8  3. 0  
t ert-b ut a n ol -O D  3 5. 5  1 2. 0  0. 1 6 0  4. 5  

i s o pr o p a n ol 3 6. 6  4. 4  0. 0 7 3  2. 0  

m et h a n ol  3 5. 9  2. 3 0. 0 7 2  2. 0  
b e n z yl al c o h ol  3 6 . 1 7. 8  0. 0 6 3  2. 0  

2, 2, 2 -trifl u or o et h a n ol 3 6 . 7 2. 2  0. 0 2 2  0. 6  

4- m et h o x y p h e n ol  3 4. 8  2. 7  0. 0 2 2 0. 6  
p h e n ol  3 5. 4  2. 0  0. 0 2 1  0. 6  

 

T o pr e p ar e a st o c k s ol uti o n f or a gi v e n c o m p o u n d, its m ass i n di c at e d i n T a bl e 3  w as 

w ei g h e d o ut a n d diss ol v e d i n t h e v ol u m e of C 6 D 6  i n di c at e d a n d st or e d i n a vi al. 

 

4. 3. 3  Pr o c e d ur e f or ki n eti cs e x p eri m e nts (i n cl u di n g KI E e x p eri m e nts) 

W e us e d al c o h ols t h at h a d p K a v al u es list e d i n t h e B or d w ell c oll e cti o n of 

e x p eri m e nt all y d eri v e d  p K a v al u es i n a D M S O s ol v e nt. 4 7  T h er e is c urr e ntl y n o r eli a bl e 

w a y t o e x p eri m e nt all y m e as ur e t h e a ci dit y of a c o m p o u n d i n n o n p ol ar s ol v e nts s u c h as 

b e n z e n e (t h e s ol v e nt us e d i n t his e x p eri m e nt), a n d t h us t h er e is n o r eli a bl e s o ur c e of 

dir e ctl y a p pli c a bl e p K a v al u es. H o w e v er, t h er e s h o ul d i d e all y b e a c o nsist e nt c orr el ati o n 

( p er h a ps a pr o p orti o n al r el ati o ns hi p) b et w e e n t h e r el ati v e a ci diti es of al c o h ols i n D M S O 

a n d i n b e n z e n e; t h er ef or e, w e b eli e v e t h at usi n g a n o n- b e n z e n e p K a  s c al e s h o ul d b e 

s uffi ci e nt. N ot e t h at t his is a f o u n d ati o n al ass u m pti o n w e m a k e i n or d er t o g o f ort h wit h 

t his e x p eri m e nt. 
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F or a gi v e n e x p eri m e nt, 0. 5 m L of t h e st o c k s ol uti o n of 1  or 2  a n d 0. 1 2 5 m L of 

i.s. st o c k s ol uti o n w er e dis p e ns e d i nt o a n air-fr e e N M R t u b e, w hi c h w as t h e n s e al e d wit h 

a s cr e w c a p c o nt ai ni n g a s e pt u m. M e a n w hil e, a s yri n g e w as l o a d e d wit h 0. 1 2 5 m L of 

al c o h ol ( tB u O H, iPr O H, or M e O H)  st o c k s ol uti o n, a n d t h e n s e ale d  b y p e n etr ati n g t h e 

s yri n g e ti p i nt o a r u b b er st o p p er. T h es e t w o v ess els w er e t h e n tr a ns p ort e d t o a n N M R 

s p e ctr o m et er. 

A n 1 H N M R s p e ctr u m w a s r e c or d e d of t h e s ol uti o n i n t h e N M R t u b e b ef or e t h e 

dis p e nsi n g of t h e al c o h ol; t h e a n al yt e si g n als o n t his s p e ctr u m r e pr es e nt t h e t = 0 d at a 

p oi nt. T h e n, i m m e di at el y aft er dis p e nsi n g t h e pr el o a d e d v ol u m e of al c o h ol s ol uti o n i nt o 

t h e t u b e t hr o u g h t h e s e pt u m a n d i n v erti n g t h e t u b e o n c e, 1 H N M R s p e ctr a of t h e r e a cti o ns 

w er e r e c or d e d at t w o- mi n ut e ti m e i nt er v als, wit h t h e e x c e pti o n of t h e r e a cti o ns of 1  wit h 

M e O H — t h es e r e a cti o ns w er e pr o b e d at o n e- mi n ut e i nt er v als. S p e ctr a w er e r e c or d e d f or 

at l e ast 1 0 mi n ut es wit h t h e s p e ctr o m et er t e m p er at ur e pr o b e s et t o 2 0 ° C. F or e a c h 

e x p eri m e nt, [ 1 ]0  or [2 ]0  = [ R O H]0  = 6 m M, a n d [i.s.] = 1 m M. T h e t ot al r e a cti o n v ol u m e 

is 0. 7 5 m L. 

F or e a c h N M R s p e ctr a r e c or d e d, pr ot o ns o n t h e a pi c al al k o x yl at e li g a n ds (- O R) of 

t h e pr o d u cts w er e a n al y z e d t o c al c ul at e t h e c o n c e ntr ati o n of pr o d u ct i n s ol uti o n at e a c h 

ti m e i nt er v al; t h es e si g n als ar e t h e 9 H t ert- b ut o x yl (- OtB u) si n gl et at δ 1. 8 1 p p m f or  

pr o d u ct s 3  a n d 4 , t h e 6 H  is o pr o p o x yl (- OiPr) d o u bl et of d o u bl ets  at δ 1. 7 0 p p m f or t h e 

H( Tri N O x) M O iPr pr o d u cts, a n d t h e 3 H m et h o x yl (- O M e) si n gl et at δ 4. 3 8 p p m. T h es e 

a pi c al li g a n d si g n als gr o w i nt o  t h e s p e ctr u m as t h eir r es p e cti v e f or m ati o n r e a cti o ns pr o c e e d, 

a n d  ar e i nt e gr at e d a g ai nst t h e 1 8 H h e x a m et h yl c y cl otrisil o x a n e i.s. , w hi c h is al w a ys l o a d e d 
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i nt o t h e r e a cti o n at 1 m M c o n c e ntr ati o n. U si n g E q u ati o n  1, w e c a n dir e ctl y c al c ul at e t h e 

c o n c e ntr ati o n of pr o d u ct  f or mi n g i n s ol uti o n: 

 

     ( E q. 1) 
 

N ot e t h at t h e i nt e gr als m ust b e n or m ali z e d; i n o ur st u di es w e n or m ali z e t h e i.s. si g n al t o 

1. 0 0.  Si n c e t h e [i.s.] i n all tri als is 1 m M, E q u ati o n 1 c a n b e si m plifi e d t o t h e f oll o wi n g 

e x pr essi o n ( E q u ati o n 2 ): 

 

       ( E q. 2) 
 

T his e q u ati o n all o ws f or t h e pl otti n g of [ H( Tri N O x) M O R] vs. r e a cti o n ti m e, w hi c h is t h e 

pri m ar y s o ur c e of d at a f or ki n eti c a n al ysis.  

  F or t h e m aj orit y of t h e d at a, i niti al r at es w er e li n e arl y a p pr o xi m at e d b y t a ki n g t h e 

b est fit li n e b et w e e n t h e first d at a p oi nt ( t = 2 mi n) a n d t h e ori gi n (t = 0 mi n). H o w e v er, 

f or t h e r e a cti o ns wit h t ert- b ut a n ol (f or b ot h t h e KI E a n d r e g ul ar ki n eti cs e x p eri m e nts), t h e 

b est fit li n es w er e t a k e n wit h m or e p oi nts c o nsi d er e d, d u e t o e x a c er b at e d err or i n N M R 

si g n als ass o ci at e d wit h t h e l o w c o n c e ntr ati o ns of pr o d u ct 4 .   

 

4. 3. 4 Pr o c e d ur e f or e q uili bri u m c o nst a nt d et er mi n ati o n e x p eri m e nts 

F or a gi v e n e x p eri m e nt, 0. 5 m L of t h e st o c k s ol uti o n of 1  or 2 , 0. 1 2 5 m L of i.s. 

st o c k s ol uti o n, a n d 0. 1 2 5 m L of al c o h ol s ol uti o n w er e dis p e ns e d i nt o a s m all vi al. A 

s m all stir b ar w as a d d e d, a n d t h e vi al w as c a p p e d; t h e r e a cti o n w as all o w e d t o stir at 

pr o d u c - O R' si g n al / nl e g ml 
n o. ot - O R' pr o . a n s 

[ p r o d u ct] = - ~ ~,;-::. s:- = s ~, g ~ 1 1 = a. 1 ~ 1 n =-i ~::: e g;:;;r a;,l ---

[f. s.] 

n o. ot J. s. pr ol a n s 

pr o d u ct - O R si g n al I nt e gr al * [ 
] n o. of - O R pr o o n s 

[ pr o d u ct = = i 
1 8 

m M] . pr o d u ct - O R si g n al i nt e gr al 
= 11 8* n o, of - O R pr ot o n s 
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Fi g u r e 9 . G 4 m et h o d wit h S C R F( D M S O) c al c ul at e d pK a v al u es (r el ati v e t o t h e c al c ul at e d 

p K a of 2, 2, 2-trifl u or o et h a n ol) of s el e ct e d al c o h ols pl ott e d a g ai nst B or d w ell lit er at ur e p K a 

v al u es i n D M S O. 4 7  T h e G 4 m et h o d pr e di ct e d pK a v al u e f or b e n z yl al c o h ol is pl ott e d  

a c c or di n g t o t h e e q u ati o n of t h e li n e of b est fit.  

 

  T o pr e di ct t h e pK a of b e n z yl al c o h ol, w e c al c ul at e d its Δ G of d e pr ot o n ati o n, a n d 

s ol v e d f or its p K a  usi n g t h e e q u ati o n of t h e li n e of b est fit of t h e c orr el ati o n pl ot i n Fi g u r e 

9 . T his pr e di ct e d pK a  v al u e f or b e n z yl al c o h ol is pl ott e d wit h a r e d +  i n Fi g u r e 9 ; t his 

v al u e is us e d i n t h e e q uili bri u m e x p eri m e nts (s e cti o n 2. 4). 
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Fi g u r e S 1 4. 1 H N M R s p e ctr u m of ( Tri N O x) G a ( 2 ) a n d H( Tri N O x) G a OiPr    7 7 

Fi g u r e S 1 5. 1 H N M R s p e ctr u m of H( Tri N O x) Al O M e        7 8 

Fi g u r e S 1 6. 1 H N M R s p e ctr u m of ( Tri N O x) G a ( 2 ) a n d H( Tri N O x) G a O M e  7 9 

Fi g u r e S 1 7. 1 3 C N M R s p e ctr u m of H( Tri N O x) Al O tB u ( 3 )        8 0 

Fi g u r e S 1 8. 1 3 C N M R s p e ctr u m of H( Tri N O x) Al O P h ( 5 )        8 1 

Fi g u r e S 1 9. 1 3 C N M R s p e ctr u m of H( Tri N O x) G a O P h ( 6 )        8 2 

Fi g u r e S 2 0. 1 3 C N M R s p e ctr u m of H( Tri N O x) Al O B n ( 7 )        8 3 

Fi g u r e S 2 1. S oli d st at e si n gl e cr yst al str u ct ur es of ( 3 ) a n d (6 )      8 4 



 6 3  

T a bl e S 1. S u m m ar y of Str u ct ur e D et er mi n ati o n of H( Tri N O x) Al O P h  (5 )    8 5  

Fi g u r e S 2 2. Pl ots of r a w d at a of KI E e x p eri m e nts wit h 1  a n d tB u O H/ D    8 6 

Fi g u r e S 2 3. Pl ots of r a w d at a of 1  a n d 2  + tB u O H ki n eti cs e x p eri m e nts    8 7 

Fi g u r e S 2 4. Pl ots of r a w d at a of 1  a n d 2  + iPr O H ki n eti cs e x p eri m e nts    8 8 

Fi g u r e S 2 5. Pl ots of r a w d at a of 1  a n d 2  + M e O H ki n eti cs e x p eri m e nts    8 9 
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Fi g u r e S 1. 1 H N M R s p e ctr u m of H( Tri N O x) Al O tB u ( 3 ) i n C6 D 6 at 2 5 ° C. 

t B
u

H
d
d

N
–

H

O
t B

u
H

d

T
H

F

T
H

F

Et
2
O

P
h

M
e

Ar
-

H

Ar
-

H

C
6
D

5
H

H NAl
N

tB
u

O

N
tB

u
O

N
O

tB
u

O

H
d

H
d
d

\/
 

"\
I/
/ 

\/
 

~
V/
/ 

I 

>(
 

\/
 

~
V/
 

I 

-;
 

' 
(
~,.

 
' 

/ 

;t
i
~_

 
h 

. 
) 

~-
--

--
-_

__
__

__
_!

·
~1

_.
u

U'
 

ll
 _

_ 
u 

' '
JJ

~J
JJ

M
L

1 
, 

~-
-

11
 

(
1 

(
1(

 n 
n 

n (
1 
n 



 6 5  

 

Fi g u r e S 2. 1 H N M R s p e ctr u m of s oli d c oll e ct e d fr o m cr yst alli z ati o n att e m pt of 
H( Tri N O x) G a O tB u ( 4 ) fr o m l a y er e d r e a cti o n of ( Tri N O x) G a (2 ) i n T H F a n d tB u O H i n 

h e x a n e at - 2 5 ° C T H F. It r e pr es e nts a n a p pr o xi m at el y 1: 4 mi xt ur e of 2  a n d 4 , r es p e cti v el y, 
i n C6 D 6 at 2 5 ° C. 
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Fi g u r e S 3. 1 H N M R s p e ctr u m of s oli d c oll e ct e d fr o m cr yst alli z ati o n att e m pt of 
H( Tri N O x) G a O tB u ( 4 ) fr o m l a y er e d r e a cti o n of ( Tri N O x) G a (2 ) i n T H F a n d tB u O H i n 

h e x a n e at r o o m t e m p er at ur e. It r e pr es e nts a 7: 3 mi xt ur e of 2  a n d 4 , r es p e cti v el y, i n C6 D 6 

at 2 5 ° C. 
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Fi g u r e S 4. 1 H N M R s p e ctr u m of H( Tri N O x) G a O P h  (6 ) i n C D Cl3 at 2 5 ° C. 
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Fi g u r e S 5. 1 H N M R s p e ctr u m of H( Tri N O x) Al O P h  (5 ) i n C D Cl3 at 2 5 ° C. 
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Fi g u r e S 6. 1 H N M R s p e ctr u m of H( Tri N O x) Al O B n ( 7 ) i n C6 D 6 at 2 5 ° C. 
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Fi g u r e S 7. 1 H N M R s p e ctr u m of ( Tri N O x) G a ( 2 ) a n d H( Tri N O x) G a O B n ( 8 ) i n 
e q uili bri u m i n C 6 D 6 at 2 5 ° C. 
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Fi g u r e S 8. 1 H N M R s p e ctr u m of H( Tri N O x) Al O C H 2 C F 3  i n C D Cl3 at 2 0 ° C. 

t B
u

H
d
d

N
–

H
H

d
T

H
F

P
h

M
e

Ar
-

H
Ar

-
H

Et
2
O

C
6
D

5
H

T
H

F

[(
M
e)

2
Si

O]
3

H NAl
N

tB
u

O

N
tB

u
O

N
O

tB
u

O

H
d

H
d
d

C
F

3 '\. 

< I 

-:' 

I • 

I I -

----
\. _ 

-----



 7 2  

 

 

Fi g u r e S 9. 1 H N M R s p e ctr u m of ( Tri N O x) G a ( 2 ) a n d H( Tri N O x) G a O C H2 C F 3  i n 
e q uili bri u m i n C 6 D 6 at 2 0 ° C. 
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Fi g u r e S 1 0. 1 H N M R s p e ctr u m of H( Tri N O x) M O C H 2 C F 3  i n C D Cl3 at 2 5 ° C. 
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Fi g u r e S 1 1. 1 H N M R s p e ctr u m of 4- M e O - P h O Al( Tri N O x) H i n C6 D 6 at 2 0 ° C. 
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Fi g u r e S 1 2. 1 H N M R s p e ctr u m of 4- M e O - P h O G a( Tri N O x) H i n C6 D 6 at 2 0 ° C. 

t B
u

H
d
d

N
–

H
H

d
T

H
F

P
h

M
e

Ar
-

H
Ar

-
H

Et
2
O

C
6
D

5
H

[(
M
e)

2
Si

O]
3

M
e

H NG
a

N
tB

u
O

N
tB

u
O

N
O

tB
u

O

H
d

H
d
d

O
M
e

\/
  I

 
\/
  

I 
"'
-,

V/
 

\
V 

p I 

I 
'-

/ 
..
..
. -

-

·)
LJ

u 
~
1 

J
J
1'
--

--
--

~'
~
J
~ 

lt
 _ _L

_J
j
~ 

11
11

 
I \

 
n,
 (

) 
~
1
1 (

1 



 7 6  

 

Fi g u r e S 1 3. 1 H N M R s p e ctr u m of H( Tri N O x) Al O iPr  i n C6 D 6 at 2 0 ° C. 
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Fi g u r e S 1 4. 1 H N M R s p e ctr u m of ( Tri N O x) G a ( 2 ) a n d H( Tri N O x) G a OiPr  i n e q uili bri u m 
i n C6 D 6 at 2 0 ° C. 
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Fi g u r e S 1 5. 1 H N M R s p e ctr u m of H( Tri N O x) Al O M e i n C 6 D 6 at 2 0 ° C. 
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Fi g u r e S 1 6. 1 H N M R s p e ctr u m of ( Tri N O x) G a ( 2 ) a n d H( Tri N O x) G a O M e i n 
e q uili bri u m i n C 6 D 6 at 2 0 ° C. 
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Fi g u r e S 1 7. 1 3 C  N M R s p e ctr u m of H( Tri N O x) Al O tB u ( 3 ) i n C6 D 6 at 2 0 ° C. 
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Fi g u r e S 1 8. 1 3 C  N M R s p e ctr u m of H( Tri N O x) Al O P h ( 5 ) i n C D Cl3 at 2 0 ° C. 
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Fi g u r e S 1 8. 1 3 C  N M R s p e ctr u m of H( Tri N O x) G a O P h ( 6 ) i n C D Cl3 at 2 0 ° C. 
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Fi g u r e S 2 0 . 1 3 C  N M R s p e ctr u m of H( Tri N O x) Al O B n ( 7 ) i n C6 D 6 at 2 0 ° C. 
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Fi g u r e S 2 1 . A. S oli d st at e si n gl e cr yst al str u ct ur e of H( Tri N O x) Al O tB u ( 3 ). Elli ps oi ds ar e 

pr oj e ct e d  at  3 0 %  pr o b a bilit y.  N o n-i nt er a cti n g  h y dr o g e n  at o ms  h a v e  b e e n  o mitt e d  f or 

cl arit y.  R 1 =  0. 0 4 2 7;  τ 4 [Al ( 1)] = 0. 9 5. B .  S oli d  st at e  si n gl e  cr yst al  str u ct ur e  of 

H( Tri N O x) G a O P h  ( 6 ).  Elli ps oi ds  ar e  pr oj e ct e d  at  3 0 %  pr o b a bilit y.  N o n-i nt er a cti n g 

h y dr o g e n  at o ms  h a v e  b e e n  o mitt e d  f or  cl arit y.  R 1 =  0. 0 6 9 4;  τ 4 [ G a( 1)] = 0. 9 3.  Str u ct ur es 

r e pr o d u c e d fr o m M a e n a g a & Gr a v es.4 5  

 

 

 

 

 

 

 

 

 

 

 

A B 



 8 5  

 

F u rt h e r d et ails f o r t h e r efi n e m e nt of H( T ri N O x) Al O P h  ( 5): R efi n e m e nt c o n v er g e d t o 
R 1 = 0. 0 5 1 5 a n d w R 2 = 0. 1 3 9 3 f or 7 4 7 7 o bs er v e d r efl e cti o ns f or w hi c h F > 4 σ( F) a n d 
R 1 = 0. 0 6 1 2 a n d w R 2 = 0. 1 4 5 3 a n d G O F = 1. 0 3 7 f or all 8 8 0 9 u ni q u e, n o n- z er o r efl e cti o ns 
a n d 4 4 2 v ari a bl es. 
 
T a bl e S 1. S u m m ar y of Str u ct ur e D et er mi n ati o n of H( Tri N O x) Al O P h  (5 ). 
 

E m piri c al f or m ul a  C 3 9 H 5 1 Al N 4 O 4  

F or m ul a w ei g ht  6 6 6. 8 1  

Diffr a ct o m et er  Ri g a k u Xt a L A B S y n er g y -S ( D e ctris Pil at us 3 R 2 0 0 K)  

T e m p er at ur e/ K  1 0 0  

Cr yst al s yst e m  m o n o cli ni c  

S p a c e gr o u p  P 2 1 / c 

a  1 6. 9 3 7 4( 5) Å  

b  1 2. 0 8 0 2( 3) Å  

c  1 8. 6 1 3 3( 6) Å  

β  1 1 1. 2 5 2( 4) °  

V ol u m e  3 5 4 9. 4( 2) Å 3  

Z  4  

d c al c  1. 2 4 8 g/ c m 3  

μ  0. 1 0 3 m m -1  

F( 0 0 0)  1 4 3 2. 0  

Cr yst al si z e, m m  0. 2 × 0. 1 2 × 0. 0 8  

2 θ r a n g e f or d at a c oll e cti o n      4. 6 9 6 - 5 6. 5 6 4 °  

I n d e x r a n g es -2 2 ≤ h ≤ 2 2, -1 6 ≤ k ≤ 1 6, -2 4 ≤ l ≤ 2 4  

R efl e cti o ns c oll e ct e d  7 5 2 8 8  

I n d e p e n d e nt r efl e cti o ns 8 8 0 9[ R(i nt) = 0. 0 4 3 2]  

D at a/r estr ai nts/ p ar a m et ers  8 8 0 9/ 0/ 4 4 2  

G o o d n ess -of -fit o n F2  1. 0 3 7  

Fi n al R i n d e x es [I > = 2 σ (I)]  R 1  = 0. 0 5 1 5, w R 2  = 0. 1 3 9 3  

Fi n al R i n d e x es [ all d at a]  R 1  = 0. 0 6 1 2, w R 2  = 0. 1 4 5 3  

L ar g est diff. p e a k/ h ol e  0. 6 3/ -0. 3 3 e Å -3  
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Fi g u r e S 2 2 . A . C o m pl et e ki n eti c pr ofil es of n  = 3 tri als of c o m pl e x 1  r e a cti n g wit h tB u O H 

a n d tB u O D. B . Li n e arl y a p pr o xi m at e d i niti al r at es a n d ass o ci at e d KI E v al u es f or e a c h of 
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