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A History of Chemistry

The history of chemistry itself provides a very rich garden of controversy, beginning as early
civilization and the use of fire (arguably the first controlled chemical reaction).

440 BC - Atomism arose in ancient Greece and India
330 BC - Aristotle, who contributed significantly to the science of the time, opposed atomism.
During this time, Alchemy arose as a scientific/philosophical field. Main goals included:

- convert common metals to gold
- discover the elements that comprise all matter (see below)
- seek the philosopher's stone, and the elixer of life
Alchemy had no systematic method for documentation or
procedure, leading to a very divided field with sparse scientific
progress. Despite this, it persisted until the 19th century ...
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Alchemy led to a general distrust in "science" as early as the 14th century.
- Dante condemned all alchemists to the Inferno
- 1317 - Avignon Pope Jon XXII ordered all alchemists out of France for counterfeit money
- 1408 - "'multiplication of metals" punishable by death in England
- Eventually, the rich and priviledged sought the philosopher's stone and elixer of life in secret

1605 - Sir Francis Bacon published The Proficience and Advancement of Learning
1661 - Robert Boyle published "The Skeptical Chymist" - developing an atomic theory of matter
- considered an alchemist, but basically invented chemistry
1667 - Phlogiston theory - materials that burn contain phlogistion, which they give off when burned.
1789 - Antoine Lavoisier developed the law of conservation of mass, and disproved phlogistion.

Vitalism - the theory that any living thing (organic) and non-
living thing (inorganic) are non-interconvertable.
1828 - Friedrich Wéhler performed the

first total synthesis and disproved vitalism.

Pb(NCO); + 2NH; + 2H,0 — Pb(OH), + 2NH4(NCO)

NH4(NCO) — NH3 + HNCO « (NH,),CO

1800's - The periodic table is being developed by Dmitri
Mendeleev and Lothar Meyer. They based their tables on
structures and properties reported over the recent decades
and eventually put together a list, finding what elements were
missing. Mendeleev predicted that Gallium existed, and was
proven right in 1875 when it was discovered, with roughly the
same properties as what he predicted.

1850's - Kekule is working on a theory of atomic structure, to
be defined in 1858 in a paper that gives rise to what we use
every day - tetrahedral, interlinked carbon atoms to describe
organic matter!

1850's continued - William Henry Perkin is a
graduate student working with August Wilhelm von
Hofmann. Hofmann gives him the project of the
total synthesis of quinine, and one of his routes
involved the oxidation of aniline with potassium
dichromate. He got a black tar (decomp!) but when
he tried to clean out his flask with ethanol, the
ethanol came out bright purple. He kept this a
secret from Hofmann, and in 1856 (he's 18 years
old), he patented the dye and became rich
overnight, and gave birth to the synthetic industry.
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1897 - Bayer marketed acetylsalicylic acid and gave birth to the pharmaceutical industry.
early 1900's - Quantum chemistry rises, and atomic theory completely takes over.

1912 - Niels Bohr and atomic theory

1926 - Schrddinger equation

1927 - diatomic hydrogen - chemical bond completely calculated

1930 - Paul Dirac is quoted as saying:

""The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws leads to equations much
too complicated to be soluble. It therefore becomes desirable that approximate
practical methods of applying quantum mechanics should be developed, which
can lead to an explanation of the main features of complex atomic systems
without too much computation."

1944 - Woodward publishes a total synthesis of quinine, starting from 7-hydroxyisoquinoline.
- was actually a formal total synthesis - he synthesized quinotoxine

X X
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quinine quinotoxine
1945 - Gilbert Stork, 22 years old, writes to Woodward asking if he actually did the final conversion.

THE TOTAL SYNTHESIS OF QUININE!
Sir:

Quinine preparations have been known and used
for centuries in the treatment of malaria. The
pure crystalline alkaloid was isolated in 1820, and
the extensive degradative researches of the last
century culminated in the proposal of the correct
structure in 1908, but the complexity of the mole-
cule has placed hitherto insurmountable difficul-
ties in the way of the total synthesis of the drug.
We wish to record the first total synthesis of qui-
nine.

' 1945 - Woodward publishes a full paper on the total synthesis. It was rejected by one referee,

who claimed that it had "too much historic detail, too much experimental details, and poor literary
style". The paper is 15 pages long with words like "adumbrated" and "apposite".
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1949 - Weinstein and Trifan proposed that the exo-selective solvolysis of norbornyl p-bromo-
benzenesulfonate occured due to an exo "bridged" structure as shown below JACS 1949, 71, 2953
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describe the intermediate structure,

AcOH, r.t.

3

0S0,C¢HsBr
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1951 - Roberts and Lee used the term "non-classical" to

and designed an experiment to investigate it's existence. JACS 1951, 73, 5009.
i T+
AcOH, r.t.
0S0,C¢HsBr - /-OAc
(+ = 1C Iabel) L : P
possible + ?’6 ) ;?ZZ

explanation for
product distr. is

f It has been suggested? on the basis of solvolysis
"nortricyclonium f
i
1

rate and stereochemical considerations that the
solvolysis of exo- and endo-norbornyl p-bromoben-
zenesulfonates in acetic acid proceeds by a bridged
“non-classical”’ carbonium ion having a structure
(I) like that proposed* for the cationic intermediate

ion" :

1952 - Weinstein and Trifan have back-to-back papers studying endo and exo norbornyl sulfonate
rearrangements with kinetic arguments, and showing racemization of their optically active isomers.
This was explained readily by a bridged mechanism. JACS 1952, 74, 1147 and 1154.

1967 - Corey published a synthetic/mechanistic study showing that a tricyclic bridged system
displayed drastically different rates than the corresponding norbornane. JACS 1967, 89, 2600.

+ Table I. Kinetic Data for Acetolysis in Anhydrous Acetic Acid
OTs Rel AHF,
Temp, 10%;, rate, kcal/ ASF,
E i - p-Toluenesulfonate °C sec™! 25° mole eu
29 4,5-exo-Trimethyl- . 226(5): §g7 25.6 —2.6
ene-2-exo-norborny .6 2
85x slower more strained ts (11,R = Ts) 67.680  73.9
25.00* 0.283 3.4
4,5-exo-Trimethyl-  100.8 371 26.7 -=3.1
ene-2-endo-nor- 85.16+ 74.6
bornyl (16,R = 82.60¢ 55.8
Ts) 25.000 0.0328 0.4
OTs 2-exo-Norbornyl 50.03* 480
25.00¢ 233 280 21.6 —~7.2
2.5x slower 2-endo-Norbornyl ~ 100.4  0.0675
more strained... 25.00¢ 0.0828 1.0 25.8 —4.4

1983 - Accounts of Chemical Research published four back-to-back papers by the leading authors
in the field on the 2-norbornyl cation. The articles were preceded by a disclaimer.

The Great Carbocation Problem

Acc. Chem. Res. 1983, 16, 425.

Grob - non-symmetrical bridged - p426
Brown - classical resonance - p 432
Olah/Saunders - symm. bridged - p440
Walling - symm. bridged - p448

(walling basically mimes olah, but nice)

In this issue we present a set of four papers that touch on what is known
as “the I ] ion"” or “the 2- norbomyl cation” problem. Briefly,
the problem is - - - -; well, we hesitate to offer a concise statement of it, for the
matter is so controvenial that whatever we say is apt to be declared, by one side
or the other, inadequate if not actually biased. Readers will find in the intro-
ductions of three articles—by Brown, by Olah, Prakash, and Saunders, and by
Walling—statements of the problem and its historical development as visualized
hv these authors.

' In Grob's paper, he compares the norbornyl cation to several other bridged cations, and agrees to a
+ bridging intermediate, but says that the source of stabilization comes more from all of the electrons
. around CG (including the bond to the C6-H), and that the bridged intermediate is probably asymmetr

9 (-2.0) 12 (-1.75)

Brown comes out swinging (as always) and says that the stabilization energy for a tertiary vs a
secondary 2-norbornyl cation does not exist as calculated, based on new kinetic data.
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Olah says no way, NMR has proven at low temp that if there are indeed two isomers, their
equilibration is < 0.2 kcal/mol, making them virtually identical anyway. He titles his paper:

Conclusion of the Classical-Nonclassical Ion Controversy
Based on the Structural Study of the 2-Norbornyl Cation'
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Asymmetric Dihydroxylation

1977 - Well before the advent of the AD, Sharpless is interested in the mechanism of metal-
mediated oxidation. JACS 1977, 99, 3120.

Traditional Mechanisms: Sharpless Proposal:
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1980 - Sharpless reports the first asymmetric dihydroxylation with olefins. JACS 1980, 102, 4263.
Note: the article on the page before this was Danishefsky's first synthesis of quadrone...

Table 1. Oxidation of Olefins with OsO, in the Presence of Jand 4

x o=
gor==_-" 4 3(a) De0y. tehere .~/~&/ X
1 8 22 amg / [ e
®
entry olefin® ligand product configuration® % yield ¥ % ee*~ R N
1 styrese 3 phenylethane-1,2-diol (S)(+) S0 645
2 4 (R)-(~) 62 610 R'
3 (Z)-1-phenylpropene 3 erythro-|-phenylpropane- HS)L2AR)(+) 2 268
4 4 1.2-diol HR).2S)(=) 85 255
s (E)-1-phenylpropene 3 lhrm | phcm propanc- HS)L2AS)-(+) 90 455
6 4 HR).2R)(=) 66 486
7 1-phenylcyclohexene 3 1+ phcn\k)uobunz 1.2-diol 1(S).2S)-(=) %5 619
8 4 HR).2R)-(+) 87 671
9 (£)-stilbene 3 threo-hydrobenzoin HS)2AS)(=) %0 832 3
10 4 H{R)L.2AR)-(+) 85 820
1 3.3-dimethyl-1-butenc 3 3.3-dimethylbutane- 1 2-diol (S)(+) Ly 262
12 (2)-4,4dimethyl-2-pentene 3 erythro-4 4. dimethylpentane.2,3-diol 7% <s
13 (£)-4.4-dimethyl-2-pentenc 3 threo-4,4-dimethylpemane-2,3-diol 7% b Y
14 (£)-2,2.5.5-tetramethyl-3-hexene 3 threo-2.2.5, 5 tetramethylhexane-.4-diol 86 62
15 (£)-3-hexene > | (S.5)(=) 69 $0.2

threo-hexane-3 4-diol

|

In this report, he favored the [2+2] mechanism, as shown on the next panel. Additionally, he
already predicted/observed several important aspects of the reaction:
+ quinine and quinidine, while they are diastereomers of each other, act to give opposite enant-
iomers of products.
+ without the methoxy group on the quinoline moiety, substantial decreases in ee.
+ to determine how (8) Evidence for coordination through the quinuclidine nitrogen was obtained
coordination takes place: by comparison of the colors of solutions containing OsO,4 (0.14 M) and an
equimolar amount of a ligand in toluene. Solutions made with 2, 3, or 4 are
all a very similar red-orange color, whereas solutions made with quinoline
are bright yellow.

9/18/2010
0..3' PRI L_; '-\.ong',\ * it was proposed that enantioselectivity
o I =0 * Cd = arose from the attack by the ligand on
Pl complex 5 (prochiral) at different rates
® for two enantiomeric forms of 5.
3 3
0
onsle i
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11980 - 1986 - Several imitations followed, including an asymmetric catalytic variant, albeit without

mechanistic investigation (Okano, J. Chem. Soc., Chem. Commun. 1983, 769.

11986 - Jorgensen and Hoffman published a report showing that there was no barrier to the [3+2]

| communication' on the osmium-catalyzed asymmetric di-
| h) droxylation of olefins is probably among the least effective
1 that could be devised for running that process. We now reporl
'lhal with the trivial modification of adding the olefin slowly,?
|vmualh all olefins give higher ee and react faster than in the

pathway, but that the [2+2] pathway is not ruled out based on orbital symmetry. They do
put forth that a distortion in geometry is necessary to achieve the [2+2] product, and a
subsequent re-distortion to get to the formal [3+2] product, thus stating that by the principle
of least motion, the [3+2] is more likely. JACS 1986, 106, 1867.

1988 - Sharpless publishes an upgraded ligand and a catalytic procedure with NMO:

JACS 1988, 110, 1968 (E. N. Jacobsen first author).

First sentence: Procedure was to place in fridge with shaking occas.

The addition of osmium tetroxide to olefins may be both the Only slightly soluble in the acetone-water solvent, stilbene is
most selective and reliable of known organic transformations.! completely digested to a homogeneous solution of diol product
when the suspension stands overnight in the refrigerator!

dihydroquinidine esters

m

=X

R, OH
0.2-0.4% OsO,, acetone, R,
~ R
H20 O_;N\&{NMC) 1
i A K OM
*HO oH" noA( 80 - 85% yieid
N
@ 20 - 88% o0
dihydroquinine esters R' = pchiorobenzoyl

1989 - Sharpless publishes a procedural modification (JACS 1989, 111, 1123, jacobsen and finn)
First sentence:
We have discovered that the general procedure in our original

The discovery of a second catalytic cycle
where two olefins were being
simultaneously dihydroxylated with no
ligand on osmium led to reduced ee's.

| earlier method! where all reactants, including the olefin, are present

" from the start.? Inspection of Table I reveals that the beneficial




I.B. Seiple

Controversial Mechanisms in Organic Synthesis

Baran Group Meeting
9/18/2010

1989 - Corey publishes his own dihydroxylation and mechanistic suggestion. JACS 1989, 111, 9243.

Ph Ph
{ R; 080, (1eq), CH,Cly, -90°C, 2 h H R,
7~ HO—L0H (1)
N N R/ (5,512 (1 eq) R! N
H H
olefin yield*% ee?%  confign®
PN 81 92 S
NN 95 93 55
" 95 92 5.5
P -MeOCH N CeHieP -OMe 90 82 (5.5)¢
Cp N 90 98 §.S
Mo0,c7 N~ OMe 75 92 2R3R
N ,\,co,ua 82 97 2R38¢
'BUOCONH_-CO:Ma 91 97 2R,38/
Pr/\,co,w 83 92 2R3S
M N\~ OTBOPS 87 95 (25,35)¢

Corey cites the Jorgensen/Hoffman paper and says that the reaction is most likely a [3+2] process,
and states additionally that steric repulsions around the octahedral osmium intermediate would
suggest a less sterically demanding [3+2] addition. The complex structure shown above predicts
the correct enantioselectivity, and has attack on one axial and one equatorial oxygen.

1990 - Corey publishes a paper applying his transition state theory to sharpless' system, which
he dubs QQD (quinine quinidine dihydroxylation). TL 1990, 37, 2665

6 (stereopair)

» This system allowed for the more reactive hexacoordinate osmium and accounted for ee's.

- later that same year, Jorgensen corroborated Corey's postulate for bidentate amines with MO
theory (TL 31, 6417)
1992 - Houk published a computational study on several amines and proposed a [3+2] symmetrical
transition state that conrasted with Corey's (approach to two equat. O's). JOC 1992, 57, 1362
- A couple of months later, Sharpless published AD-mix o. and . JOC 1992, 57, 2768.
Chart I

MeO

(DHQD),-PHAL, 1
Ligand used in AD-mix-§

(DHQ),-PHAL, 2
Ligand used in AD-mix-at

* pneumonic for the dihydroxylation still used today

» dont have the dihydro versions of quini(di)ne?
perimental details). We have also found that the quinine and quinidine
analogues of ligands 1 and 2 are virtually identical in effectiveness to 1
and 2 in the A.B process, despite the fact that the operative ligands are
the eorreopondmg tetrols formed by npld in utu dihydrotyhuon of the
two vinyl groups. and are less
than their dihydro derivatives.

e

(44

exp

1993 - Sharpless attacks squalene:
Science 1993, 259, 64.

Selective Perhydroxylation of Squalene:
Taming the Arithmetic Demon

YADB

MW/

Gerard A. Crispino, Pui Tong Ho, K. Barry Sharpless*

l ADa
dodecahydroxy derivative. Twelve chemical and stereochemical events procéed in
tandem with a remarkable average yield of 98 percent per step, giving 1 out of the 36 Ho Ho Ho Wo " HO
possible sterecisomers in (0.98)'2 = 78.9 percent overall yield.
(S

- Sharpless also publishes concrete evidence for a stepwise mechanism (ACIEE 1993, 32, 1329)

R -— T[C]
o ° 60 15 -25 50 ~-75 -90
P b ol "/0 . 5l o ?/yx 20 %
0, Az_ So | 0Z e 005y |
o R o 2.50} 5 | 85
b 3a
7 |
LEs ] s i LH SiE +L.H i T 2.00 / 75 T
! 1.50 65
('I) (ﬁ (If R In P | ee [%]
{olefin) oMl 20 oMl _o 1.001 e 8
= e —— SO + Os — O OF o " 45
Fheo T N sl Bl
L L o¢| ~d 0.50+ S G 9 kZS
2 b1 L* 3 | 10 ———ve |
[13] For two recent examples providing further evidence for & stepwise mecha- 0.00, 4 L L : 1]
300 350 400 450 500 550

nism in related redox processes see: a) G. A. Vaughan, R. Toreki, R. R
Schrock, W. M. Davis, J. Am. Chem. Soc. 1993, {15, 2980, b) K. P. Gable,

Oregon State University, private communication

10° T [K™] —=
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- and Corey postulates another bis-osmium complex - Sharpless-like ligands. JACS 1993, 115, 3828.,

*Things to note about this paper: in the SAD

reaction, 0.0001 eq of osmium are used with 0.01

eq ligand. Also, Corey got an X-Ray of a bis-

osmium complex (4), but had to use 6eq osmium.
He argues, however, that when one of the Q's in 4

is replaced with OMe, er and rate drop
exponentially, owed to penta/hexacoordinate
osmium.

« explicitely states a [3+2] or [2+2]
mechanism on pentacoordinate dimer is
unlikely since it "has no basis whatsoever in
explaining the high enantioselectivities"

* but, the complex to the left blocks several
oxygens, poviding "a firm basis for the facial

preferences"

Qe
02% G

- But a few months later, (July 28) Sharpless published a response. JACS 1993, 115 12226

>
-
-1 St 800 |&
.9“ b
<€ f 1ot order fit—s oL 2% onger i 2
LI —2fks 12257 07 k=2706 Limols{ 600 | |
3 x  FR=09997 R R=09924 <|3
<< Ay =0.0827 K Ag=0,0446 g
_afAw=02675 Ay=03166 w [
4 H
s s g
T S 200 5
&
-5 0
0 05 1 15 2 25 3 35 4
R
1
N
16
N
4
ODHQD
ligand, R % et
Cl 40
OCEt; 66
1-naphthylmethoxy 57

1,1’-bis(naphthylmethoxy)
9,9’-bis(phenanthrylmethoxy)
O(DHQD)

- but on Sept 28, Corey publishes again...
JACS 1993, 115, 12579.
(Both papers were released in the December
issue of JACS) QW

§o 52 ﬁ

Table I.  Enantioselectivities (% ee) Obtained with Ligands 2 and §

+ he also states that styrene enters the "enzyme-like pocket" made by the two quinoline moieties:

-«

0sO4 axial oxygen

Figure 2. CPK model of catalyst 2-Os0y complex and styrenc in a position
0 attach 0 an axial (rad stripad) and an equatorial (red) oxygen of
O

- Several analogs of the quinoline OMe were generated, and OTIPS lowered rates/enantioselection.

Figure 1. CPK model of catalyst 2-Ov0, complex.*

1994 - four publications by Sharpless and three by Corey in this single year, several presenting

Br . . . . X L
Pt N N> opposing theories and detailed studies on the source of enantioselectivity and the 2+2/3+2 problem.
H ™M TH
MeO. OM . . .
' e In the February issue of JACS, Sharpless published part 1 of a 4 part (all articles) study on the
$ details of the asymmetric dihydroxylation. Part 1 = Kinetics. JACS 1994, 116, 1278.
ligand
e s K 20 P T
olefin 2 5 & b .
—_— .
-decene B 8 O, X 0301 -
styrene 9 98 E
ko[alkene] "[2+2]" or [3+2) k,falkene) I
mechanism®*” £
Important reference: g
. £ 100.
(15) The most interesting feature of ligand 2, our best to date, is that it (\? +L (\? 3 ©
appears to present a chiral “binding pocket™ for one of the olefin substituents, fo} o— =0
with the phthalazine spaecr as the floor and the bystander methoxyquinoline 0—0¢" O( 0. R s o as
moictyasan dicular watt. Evi pporting this hypothesis fast | ] o Cligans [molerL]
is presented in two full pnpers (a) Kolb, H. C.; Andersson, P. G.; Sharpless, L
K.B.J. Am. Chem. Soc., in press. (b) Norrby, P.-0.; Kolb, H.C.: Sharpless, %
K. B. /. Am. Chem. Soc., submitted. In line with this theory DHQD- (ko = ky K ol L) k(1=K IL)) - kg . X
phlhl:lazinc-C: 6 gives l:lwer enabnenli;;legg_iw;:iz since e-(l;hl;cf |h: t'doec d e KoLD [0sO ) (alkene] = k*=k= _4—-K T above is a plot showing how
methoxyquinoline ring. Hence, t P! zing e ligand 4 not + ) -« i . i
appear to ble a good model for (DHQD),-pyridazine 3, contrary to Corey'’s % tte kclzvis/deln';{ed. plgttmg the
arguments. £ obssrved secoad sxder Eq used for . " [L] vs ko §[0e|n], and
““““““““““““““““““ ! rate constant rates to ceiling rate constants &_. extrapolating to the ceiling.

suitable spacer.? In this paper we report new data which not only
allow the u-oxo-bridged pathway to be excluded from consid-
eration but also define a unique geometry for the catalyst—olefin—
050, interaction which clarifies the origin of enantioselectivity.

H OCH,

« Corey shows that these two
complexes gave identical rates,
enantioselectivities, and yields over
a range of solvents and
temperatures, suggesting that the
active complex has a configuration
such as 2.

+ Keq can be used as an approximate estimate of the steric hinderance in the ligand binding area
+ Keq is derived by titrating a solution of OsO, with ligand and monitoring via UV or NMR

« ke (saturation rate constant) should be proportional to the activation energy for an olefin ligand
combination with any given ligand or olefin

» ke can be derived by the curve shown above using saturation kinetics and extrapolation.

30 ‘I’ Keq's for various Ilgands "

EE s

5
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40000 For your 3D viewing pleasure:
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‘E.) “5? ? m}\, . o~ 1 - Corey published an X-Ray of the bis-methiodide of his ligand, showing it had a conformation
18 5000 resembling his transition state and that the NMR in solution matched. TL 1994, 35, 2861
»c.~. ~ ! -Sharpless published how these structures can arise from a 2+2 intermediate, as supported by
o fa extensive MM2 calculations (and of course the 1993 ACIEE). Organometallics 1994, 13, 344 and
d Q«E (IN\—L 8 JACS 1994, 116, 8470 (part 2 of the 4 paper series). He followed this up with a publication directly
comparing his model to the Corey model. TL 1994, 35, 7315.
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See | k| Wee | k| Wee | &
[ 2000 4+
du' L) » 1089 1907 T w\
~ o s « w w E 1500 +
5 =N

us | s |20 | b | 2237

080 =t
1

WG | g ] TR0 | ea | 20000 :

@
=
£y
x
?

2 24 26 28 30 32 M ¥ M L

K [Limol]

kc relates to ee's, but not to Keq! Conclusion: it's not any sterics in the ground state of the ligand-

osmium complex that dictates enantioselectivity, it must be stabilization of the transition state, thus:

Its e has a
small effect on the
rates; however it
increases the binding

The nature of R has a
very large effect on the
rates, but only a small
influence on the binding

Oxygenation is essential 1o
allow binding to OsOy4 - a
carhon substituent is too bulky

The configuration is important;
only erythro allows high

R'Om,'. rates and binding
/ OMe
\.‘ Increases
binding to
0304 as well
rates
N as rates
%—/

ring system increases binding
and rates; the nitrogen has no

The presence of a flat, aromatic
influence

Dihydroquinidine

Derivatives

" “HO O*‘i

So what is the conclusion? Shown next is the binding they predict for the dihydroxylation. A
pentacoordinate osmium is invoked, and stacking with the phthalazine along with edge-on
stabilization with the "spectator" DHQD quinoline in the pseudo-C2-symmetric ligand dictates ee:

AD-mix -D

l :-.ou /HO 5

R; Rz ee % at0°C MG‘IK:-I mot!
m H H 97 23
an H By 08 20
i) ‘Bu 'Bu 49 06
With Ligand 3
H H 87 14

“”‘x\ N=

Corey-Noe Model (2) (the pyridazine ring has not been rotated)

+ Sharpless starts by un-rotating Corey's
pyridazine moiety due to impossibilities.
* He then claims that the working
quinoline ring in 2 is too far away to
form a wall in a "binding pocket" with Os
pres.
* Finally, subst. at A would have sterics
with the methoxy in Corey model, and

- tit
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1996 - Sharpless published more computational studies showing the effects of puckering in the
2+2 product that could contribute to enantioselectivity, even when pi-stacking and other
interactions were minimized (trans-2-butene still gives 36% ee...). In simple cases such as this,

dipole-dipole interactions may dominate with the phthalazine "imino ester". JACS 1996, 118, 35.

facile Impeded
rearrangemen O o rearrangemenl
o o,
5=/~
> %

Ry, ~AQs—0
| ;. Minimal
‘ ‘H repulsion
Stacking
Stabilizatio\ N

‘ H:g repulsion

Stacking
Ar Stabilization\ N~

E E
1 A l B
OH OH
R)\rﬂ' AR
OH OH

Major Enantiomer Minor Enantiomer

-In the same issue, Corey published his model again, stating that it obeyed Michaelis-Menten

kinetics and acted as an enzyme-like pocket with a pre-equilibrium. JACS 1996, 118, 319.

k K,
catalyst + olefin *kzlz [catalyst-olefin] —
-1

K is the binding constant, and Corey showed that it correlated well with ee's

additionally, Corey showed that rationally designed inhibitors (without olefins that could react)
could disrupt the reaction via reversible binding in the "pocket". These obeyed similar kinetics

Table 1.

Comparison of the Michaelis—Menten parameters K,
and Vi and Observed Enantioselectivity 1n the Catalytic
Asymmetnic Dihydroxylation of Olefins®

k
osmate ester — catalyst + diol

Entry

Olein (formula no.)

Kn

Vous

expected for inhibition, with inhibition constants K;.

1997 - Sharpless publishes an extensive Hammett analysis with varying ligands, February issue.

0
py~ Il _O
Py O
250°C o 7 \

toluene

0s0 I\\ b
04+ +
X N

(6)

mn

(®)

(%)

0.017M

0.017M

0.0063M

0.0088M

JACS 1997, 119, 1840.

11x10*

ssx10*

13x10*

65x10%

1.0x 104

(10

134

tat
o8

o

pyridine derivatives and styrene alkenes
very easy to synthesize and vary the
electronic properties of.

Hammet plot for various pyridines (curves)
with substituted styrenes (x-axis)

4-OCHy 4H 3-Cl  4CN 4NO;
4CHy  4Cl  4-CFy 3-NO,
-1.50
-1.95
2 -2.40
<
g’ -2.85
-3.30 A
-3.75 ¢ i
-0.50 0.00 0.50 1.00
(o)
For a triphenyl alkene...
4-OCH3 4-H 4-CF3
4-CHj 4-Cl
-245 —— —
{
— -2.55 | E
2 \
5 -\
o E\\
2 .2.65 } .
-2.75 -

-0.50-0.25 0.00 0.25 0.50 0.75

Hammet plot for substituted styrenes in the
AD with stoich (dot) and cat (square)

X=4-OCHy 4H  B3Cl 3-NO,
e 4-CHy 4Cl  4-CF4 anozl
70 A ‘
65 4
® 60
)
2 55 -
50
45
40 1+ . : |
-0.5 0.0 0.5 1.0

» The positive slope region can be explained by
the [3+2] mechanism, but this "nucleophilic"
region applies to very nucleophilic L and very
electron-withdrawn alkenes only.

» The negative slope region can be explained
by the [2+2] mechanism, and is an
"electrophilic" region applying to moderate-
binding ligands and most alkyl substituted
amines. This is consistent with AD conditions.

* last words:

mechanism. In summary, the results to date indicate that the
selectivity-determining step of the catalytic AD, which employs
low concentrations of moderately binding bisalkaloid ligands,
proceeds by the electrophilic pathway which at present is most
consistent with the ligated osmaoxetane intermediate previously
proposed 87

(o}
- in the October issue, Sharpless published a paper with Houk and Singleton. JACS 1997, 119, 9907.

L
Oniag

» t-Butyl ethylene allowed to dihydroxylate to 85% and
90% conversion. Left over sm is extracted and 2H and
3C NMR is taken and compared to sm from the bottle
« KIE's are calculated based on the differences in
isotopic distributions, and agree with calculations for
I‘ [3+2] by <0.4%!!! [2+2] = 2-10%

the argument against rate-limiting ring expansion. It is difficult
to completely exclude rate-limiting formation of an osmaoxetane
if one accepts the premise that the theoretical results here could
be both energetically and geometrically unusually inaccurate—the
1dea being that some alternative transition state geometry could
in principle result in the observed KIEs. It should also be noted

7
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Amination of Aryl Halides
Players: Buchwald (MIT), Hartwig (Yale), and Blackmond (Imperial College, London)

Background:

Kosugi, 1983:
(o-tolylsP),PdCI (1 mol %)

Br
T ©/ PhMe 100 °C, 3 h g

Buchwald, 1994:

NEt,

Kosugi, M. et al. Chem. Lett. 1983, 927.

Ar-Br
n-BugSnNEt;  Ar purge Pd cat. (2-5 mol %) NR,
+ ———» nBusSANRy, ———— »
0,
R,NH 80°C 105°C
Hartwig, 1994: Buchwald, S. L. et al. JACS 1994, 116, 7901.
p-tol-Br tOI\Pd/PtOIs n-BusSnNEt, NEt,
Pd(o-tolylsP e
(otolylgP)y o Br Br 4>
Pd or LiNEt,
/ AN
Ptol; tol  Hartwig, J. F. et al. JACS 1994, 116, 5969.

1995 - Simultaneous reports of a tin-free system, preparatively simple system:

"Conditions"

Ar-Br + HNR1R2 » Ar—NR1 R2
Buchwald Conditions: ! Hartwig Conditions:
Pd(dba),/P(o-tolyl)s i Pd(o-tolyl3P),
or PdCly(o-tolyl3P), i or PdCly(o-tolylzP)»

NaOBu ' NaO1Bu or LiN(SiMejy),
PhMe, 65— 100 °C ' PhMe, 100 °C

Note: scope was restricted to secondary amines, except one H TL 1995, 36, 3609.

example in the Buchwald paper, with 72% yield with hexylamine
and an electron-withdrawn bromobenzophenone, and H. mentions
his system can do it on EW aryl bromides in his last reference.

Buchwald 1995 Mech:
reduction

LoPd® L,PdCl, =0 |,Pd
Ar-N(R?)CH,R" " Ar-Br %
ArBr

Ar-H lt
ArNR.
‘/\ LPd° 2 L-Pd \{
L,Pd"~ N(R?)CH,R' L.Pd"-Br Ar,  NR, Al BT
d‘/
N

LPd"-H -
| | ' \Pd/ P
Ar Ar N L’ L 2
» H
N HN(TMS), Ary /N“"/A
n +LiBr Pd_ HNR,
Br

Rf H HN(R?)CH,R' LiNTMS), 17

Hartwig 1995 Mech:

B ACIEE 1995, 34, 1348.

Buchwald reference 4:
[4]) For related tin-free stoichiometric Pd-mediated reactions, see a) D. L. Boger,
J. S. Panek, Tetrahedron Lett. 1984, 25,3175-3178. b} D. L. Boger, S. R. Duff,
1 S. Panek, M. Yasuda, J Org. Chem. 1985, 50, 57825789, ¢} ihid. 1985, 50,
5790-5795.

1996 - Simultaneous improvement and scope expansion via ligand incorporation

"Conditions"

Ar—Br + HNR1 R2 » Ar—NR1 R2
Buchwald Conditions: : Hartwig Conditions:
Pd,(dba)s/BINAP ' (DPPF)PdCI,

NaOBu ' NaOfBu
PhMe, 80 °C + THF, 100 °C

B JACS 1996, 118, 7215.
Notes: Primary amines now react readily with both electron-rich H JACS 1996, 118, 7217.

and electron-poor aryl bromides. Scope is greatly expanded.

1996 - 2000 - Hartwig suggests that a palladium alkoxide could be an intermediate on the cycle
(at least with DPPF ligand. Additionally, several dimeric structures were considered as
possibilities along the catalytic cycle.

Ph Ph
B ar neoms > B
N_ N
Fe Pd Fe Pd

NI
= h B =k
2 2

Ph
2 /Ar

Ar PhNH L3\ p

/ > AN
Fe _Pd

(=g

“OtBu "NHPh

2000 - Hartwig releases a mechanistic study on Pd(BINAP)2 system, and on a

mixed Pd(DPPF) system - JACS 2000, 122, 4618. (Arnold L. Rheingold is 3rd author) ~ PhArNH

Pd(o-tolylsP), + 2 BINAP Pd(BINAP),

PhH, 87%

Pd(o-tolylsP), + 2DPPF  ————» Pd(DPPF), +

PhH
-First, by 3"P-NMR and 'H-NMR spectroscopy, it was determined that Pd(BINAP), was the
catalyst resting state.

-Second, stoichiometric reactions to observe the addition of PhBr to Pd(BINAP), were
performed, revealing a surprising byproduct:

[Pd(DPPF)],(u-DPPF)

PhBr, 40 °C Ph2 Br 40 °C, 12 h th
Pd(BINAP),
th PPh3
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-Then he determined the rate orders for BINAP and PhBr for the oxidative addition (for the
stoichiometric reaction)

50 510* 1Ty

410* L ]

< 310% | ]

@ L C ]

2 2 C ]

~° ~° 210* | E

110* J

1 010° ]

oL ] 0 0.025 005  0.075 0.1
010° 7.510% 1.510%22510* 310

[PhBr] (mol L)

[BINAP] (mol L")

negative first order in BINAP positive first order in bromide at low [PhBr]

zero order in bromide at high [PhBr] ***

Based on these results, they propose three possible mechanisms for the stoichiometric reaction:

Path A
p P Path A and B are ruled out due to

(P kil ¥ /rfy 2 <p\ (\ lack of dependence on [L]. Path C
pPPe Tk g d ® g B and modified B fit the reaction,

Path B z having the ratelaws:

(P K /P _ ke ABr \/ T . /p\p((i

P)"{@-r “odais & " Rear N B

c

o ~ A8 R _ kk[ArBr]

(] - (PdoPP q Kie = o
e, Tl o B k_,[L] + k,[ArBi]

Modified Path 8

P b P ko ABr (IJ\ ks p\p ((“ - kykoks[ ArBr]

> L, =
bPep, T PP PP TIGL P e e T &kt k & IL] + kyky[ArBr]

He says he favors path C, but both path C and modified path B give similar predictions for
what the rate will be dependent on in a catalytic system: k;. This would mean that the rate of
catalysis would solely depend on dissociation of the ligand, and not on the concentration of
any of the reagents or added ligand.

-With this prediction, he studied the catalytic reaction:

cat. Pd(BINAP),, BINAP, NaOCEt,
HNR, + PhBr

P
ot

PhNR,

60 °C

Primary Amines: Secondary Amines:

2
Table 4. Rate Constants for Reaction of Hexylamine with 210
Bromobenzene Catalyzed by 1a, as a Fucntion of Bromobenzene,
BINAP, and Base Concentrations _1.7510?
Kovs. Kovs Kobs =
[BINAP] (x 105s™' [ArBr] (x 107°s™ [NaOR] (x 10757} S .
(mM)  mol™'L) (M) mol'L) (M) mol'L) £ 1510
13 32 0.800 32 0.136 32 T
26 32 1.000 27 0.200 3.0 ‘N 1.25 107
40 3.1 1.200 28 0.300 29 <
53 2.6 1.400 27 0.400 34 g
6.6 30 1.600 3.0 0.500 29 a  110?
80 31 2
Primary amines displayed the expected zero order 7510
rate dependence with respect to ligand, base, and
bromide (and amine, as shown by the plots of 510°
concentration vs time. 010° 310° 610° 910° 1.210°
However, secondary amines showed a nonlinear curve wrt amine
concentration over the course of the reaction. Hartwig: t (s)

"At first glance, these data suggest a change in resting state to one that reacts with amine"
But they quickly realize that the reactions with secondary amines is slower, so the catalyst

decomposition (shown on previous page) would cause a plot of product appearance to be

nonlinear, giving a false appearance of dependence on amine concentration. Therefore, all
reagents in the reaction were zero order, except for catalyst.

-Revised Mechanistic Proposal (BINAP)

RAN_ AL

o turnover- v /\'1]\'3 [.‘\lBl] [PdL:]
Iimiting S —————
y B P , CIQF'UP s“ﬁpr\P s k_)[L] + ky[ArBr]
Q)\ o "ot A = ky[PdL,] when [ArBr] > [L]
R* Rﬂ ‘lp/ el A
( }/ﬁ;lv
% |
M}'w;g) (R Ropd C}
R
catalyst
decomgao::a«:yn'sr: / \ / \ S'eocgl:!g)sosrllon
P NaBr + HOR NaOR + HNRR'
(p: BINAP

Important Changes: P

+ Pd(BINAP), lies on the catalytic cycle

+ Rate dependence is zero order in [PhBr]

+ Reductive Elimination must occur with re-association of ligand to regenerate Pd(BINAP),

complex, stores the palladium in an unproductive form. These
results demonstrate the importance of carefully determining the
catalyst resting state from data that are independent of the rate
behavior and of obtaining quantitative rate behavior for the
overall catalytic process.

Hartwig's ending statement:
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So, what's with the induction period? Lets change the order of addition, and see what happens with

2002 - Buchwald and Blackmond propose their own mechanistic revision (JACS 2002, 124, 14104) v AL
multiple additions of PhBr

ko AlBlcat]

« concentration of amine and PhBr both effect the rate (virtical marks represent [PhBr] = 0.35 M,

any virtical line represents a constant concentration of amine) » Reaction approaches first order kinetics slowly, possibly due to changing amounts of

active catalyst over the course of a reaction (suggests this is what happened to the Hartwig
study in 2000 that showed zero order kinetics in PhBr).

1
1
Cc t* " Tk, + kAl + k[B] (Z)E Br
ca A -1 1 2 X NH
— d[B] | NR
p—— kgs[B] [A]> [B]: ,  Pd.dbas + BINAP MeN 2
kko[Allcat] oy i NaOtAm 0.13 M injections
= - 3 »
k Koo = 3 T hBly — [Alg) + (, + 1Al | (11 mol% Pdbased ~ OR HexNH2 50 °C
B 2 K4 Ky oAl | oneachaddnPhBr)  0.86M 1M
r=—q = kulAl [B]>[AL ! 0.006
1 o experimental data) ° xperiment
A. ko= kyky[B][cat] iy @ ! a & P ; 0008 bH i.;‘a.emme”:all:ava
** "k + k(AL — Bl + Ky +&)[B] injoction of {1 A aai
1 HC b NH, : E
Advantages of reaction calorimetry over standard kinetic measurements: VB ] 2a T 0006 z:’
» Avoids High excess of a reagent,which can purturb the catalytic cycle, shifting the rate- v £ : £
limiting step Y e
» Can monitor slow activation of a pre-catalyst can manifest itself as anomalous substrate | B e
concentration dependencies ' & g 0]
- Allows for determination of each individual rate constant through computer simulation '8 oo0nd 2 L
« A single reaction gives hundereds of data points, each corresponding to a trad. kinetic expt. |
+ Does not depend on a "resting state" of the catalyst in the cycle ' 0.002 1
1 °
So, lets look at an example: '
Pd,dbas 0.01 equiv ! : ot ) \
Br NH B|NAP. 0.02 equiv NPh ! ; 1:)'0 2(’)0 3:’0 4:30 0 100 200 300 400 500
NaOtAm (premlxed, tol SOI‘n) - : time (min) time (min)
MeN\) 60 °C = MeN \) '« Reaction obeys first order kinetics after induction period in both amine and PhBr
1.0 equiv 1.2 equiv 1.4 equiv i Br
l NR
s | Pd(BINAP), NH = 2
1 s @Imiom [ MeNJ NaOtAm 0.13 M injections
o [2b]=085M ! >
oy, o ‘Db 1 (9.1 mol% Pd based o
- ff N " noev]| 1 oneachaddnPhBr)  0.86M ™ 60°C
%, H E % 1
= 60+ ,f y " = g f ‘1} : 0.01 0.01 \
§ # %’. 8 g ] i)d % ! 1 l a b \ +  2%injectior]
& 7 s 5 S A% ' st o ® 3% injectir
3 ::ad 13: L oo § ‘§ 0.004 4 o; i _ 0.008 l 3 R 0.008 ."EEEBE \\\ @ 4" injectior
s 01 JF Y - $ ; E 3 E *oes .
% j‘f AN g § ] ui : 2 o008 . ° g ooos| "'u:a%, \\
3 g o, %‘ El i : ;g g K ,ﬁ”“‘*”ﬂ %00, 28 \\
209, § . \ 1028 i ' § 0.004] K . é ‘”’“‘_i M”“"*m-m, oetin\
¥ ] ! 8 ° 8 *  Zewowr il |
@ conversion (GC) ; ' . . . ! 0.002.] e . . 00029 i
¢ o 50 100 150 200 g 1 08 06 04 02 o ! e . 3 \
concentration of [2b] (M) ! 0 > 0
time (min) : 50 100 150 200 0 ol‘z ola o‘s ol,e 1
* initial negative order rate very unusual and not predicted by current mechanism ! time (min) fraction conversion
1
1
1
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\ NaX 2006 - later that year... ratio (1h --> 3h
RIRONAT + 20 R(R)NAr + R.OH — ( )
7
(BINAP)Pd ArX (BINAP)Pd R(R')NH 3-br<2>mogni‘sole [(BINAP)Pd],(dba) (2) 0.3:1 -->1:1
1 S — + [PA(BINAP),] 3) e '
NaOR" NaOR" [PA(BINAP)(dba) (1) + products ftom the combination
Ky Ky PB(;N(QE; 60 C [(BINAP)Pd]?(dba) ) of dba, amine, and base
TNaOtm CaDs * [PABNAPYI 3
RRINH R(RINH TN (BINAP)PdL,(dba) (2) 021 2 0.3
(BINAP)Pd(Ar)X BINAP PdA X ; " , + [PA(BINAP),] (3) 21 -->0.00
(ANP(BINAP)X BINAFIPIAD (R(RINH)P(BINAP) N-methylpiperazine ., uoqucts from the combination
ko k-2 of dba, amine, and base
R(R)NH Arx 2 0.14, ey < 0.14 r
kyky[ArX][amine][Pd], .. ky'ky{ ArX][amine][Pd], ) g : p (B|NAF;)IF)’d(dba) ;:(BINAm 1 = 81 g 3
= ; ’ 2 1 o E
k_y + k[ArX] + k,[amine] k_,’+ k,[amine] + k,[ArX] 'é 882 ... .::r 1.9‘ porton o; ?r&mo E %’ 0.08 solyiamine ]
. ' portion 4
+ Ultimately, the overall rate matches either cycle for Pd,dbas/BINAP, but examination of 8 0.04 "‘0, ®e LT '.I.) 3 g 883 ) f
individual rate constants lead B&B to favor the cycle on the right, especially due to k! g 0.02 <4 0.02 N-methyl- 3
® 0.00 [[PAEBINAP)(dba) (2) g piperazine ]
2006 - Hartwig says "l don't think so" to the amine dependence with Pd(BINAP), (OL 2006, 8, 851) = 0 1000 2000 3000 0. 000 3000 ] 8000 9000 12000
ime (s

N-methyipiperar

Ph 0.5 M P
Phile + (BINAP),Pd (BINAFPG | Phn- .(BNAP),N (BINAF) PG
BINAP [ BINAP [
57 mM 34 .M S ap TmM 34, AR
37 mM 8.2 mM
710° v y 70—
——y= 891006 + 8.67¢-07x R'= 099 | y = 283005 + 7.290-07x R’=
610" 4 610* | {
s10* : 5104
- “ i . {
® 410 1< 410 3
B340+ { "8 - {
- | 3107 ¢ 4
° 3 ol 1
210* 210*
110" 3 110"
0 10° 3 {
0 100 200 300 400.' 500 600 700 0‘0"0 "" 200 s 400 600‘ y T B00 1000
11BINAP) (M) AABINAP] (M)
octylamine
N-methyipiperazine -1
PhBr + (BINAP).Pd —2LOM__ @minap)Pa e PhBr + (BINAP),Pd —2OM__ (minaP)Pd
57 MM 34 uM° BINAP B 5.7 MM 34 uM BINAP
25x10% M 25x107 M
410" 410 -
- -
. . * o e -
310° } 310" 9 -
.; _.q
210" = 210
&
- -
110" 110"
010° N
00 02 04 08 08 10 12 01 ettt

[N-methylipiperazine) (M) [octylamine] (M)

isolated palladium intermediates

S 0.14 , . .
= 0.12 Curves are for j
2 0.10 reactions of the first 3
.2 0.08 to fifth portions of
S = ArBr. The pink curve 3
g 0.06 was obtained after §
g 0.04 doubling [amine]
5 0.02
», 0.00 A
0 3000 6000 9000 12000
time (s)
-
- 810°
[<]
E 610°
‘@ 410°
£2210°
0 . . . ,
0. 05 10 15 20 25
[PhBr] (M)

i time (s)

These inconsistencies led the Yale group to repeat the

y measurements of the order of the catalytic reaction in bro-
; moarene and added ligand from ref 3. Inspection of the primary
1 data and laboratory records makes clear that an error had been
: made when conducting the experiments that led to observation
' of the same reaction rate in experiments stated to have varied
concentrations of ligand and bromobenzene. The set of experi-

Pd,dbag + BINAP

Pd.dbas + BINAP, sequential additions of ArBr.
The blue curve represents the first addition, and
the pink curve represents the fifth addition,
which was coupled with a doubling of amine.
Note also the intensity of the height (e.g. the
rate) at t=0 for each curve - no change = no
dependence on amine.

__810°
610°L
410°|
§2105_

010° A
0.0 20

(s mol L

1/k

20 60 80
[BINAP] (mM)

10.0

ments by the experimentalist in the current work (Figure 10)
clearly shows that the reaction is first-order in bromoarene and
inverse first-order in ligand. This is contrary to the previous
report, where the kinetic data implied that the rate of the
oxidative addition process and the rate of the catalytic cycle
both depended only on the rate of dissociation of BINAP.
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The agreed-upon catalytic cycle and derived rate equation:

Pd(BINAP), (3)
Ky ] Ky

Ar-NR'R2 (B|NAP)Pd ArBr
ka - kk
d[AIX] L2 [ArBr[Pd]
k_;[L]

(BINAP)Pd R‘ R2 (B|NAP)Pd

‘\/y
ROH +NaBr  NHR'R? + NaOR
And the equation shown in the abstract (I like this one better):

[PdL(PhBr)]
PhBr / \

amine [PdL,] —"‘ [PdL]

+base
e }
HNRR'
NaOR"

[PdL(dba)] — [PdL],(dba)) \
min NRR'
+base
Rate equation before simplification, as extracted from the Supporting Information:

dAX] k1koksks[ArBrlamine][base][Pd]

dat k_1ksks[amine][base][L] + kiksks[amine][base]+k1kok[ArBr] + k{koks[ArBr][amine][base]
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