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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 ...

Isaac Newton
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
- 1403 - "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 Wöhler performed the 
            first total synthesis and disproved vitalism.

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

1951 - Roberts and Lee used the term "non-classical" to describe the intermediate structure,
and designed an experiment to investigate it's existence. JACS 1951, 73, 5009.
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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.
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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.

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 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 C6 (including the bond to the C6-H), and that the bridged intermediate is probably asymmetr.

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.

says that the expected 6-8 kcal difference 
expected between tertiary and secondary 
norbornyl carbocations for the non-classical 
theory does not exist, and instead is measured 
as only 0.9 kcal. Tertiary norbornyl cations have 
been accepted at this point to be mainly 
classical, and the small rate enhancement 
compared to tertiary cations due to sterics...

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:

(NMR's taken in 
SbF5/SO2ClF/SO2F2 
solution at the 
temperatures 
indicated. Solid state 
NMR has been taken 
even lower, showing 
no change from the -
158 spectrum)
5 peaks

(3 peaks due to 6,1,2
hydrogen shift. at rt, 
one peak!)
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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:

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...

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
     coordination takes place:

• it was proposed that enantioselectivity 
arose from the attack by the ligand on 
complex 5 (prochiral) at different rates 
for two enantiomeric forms of 5.

1980 - 1986 - Several imitations followed, including an asymmetric catalytic variant, albeit without 
                      mechanistic investigation (Okano, J. Chem. Soc., Chem. Commun. 1983, 769.
1986 - Jorgensen and Hoffman published a report showing that there was no barrier to the [3+2]
            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.

1989 - Sharpless publishes a procedural modification (JACS 1989, 111, 1123, jacobsen and finn)
First sentence:

The discovery of a second catalytic cycle 
where two olefins were being 
simultaneously dihydroxylated with no 
ligand on osmium led to reduced ee's.
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1989 - Corey publishes his own dihydroxylation and mechanistic suggestion. JACS 1989, 111, 9243.

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 ! and ". JOC 1992, 57, 2768.

• pneumonic for the dihydroxylation still used today
• dont have the dihydro versions of quini(di)ne?

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

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, 31, 2665

• 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)

- Sharpless also publishes concrete evidence for a stepwise mechanism (ACIEE 1993, 32, 1329)
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• he also states that styrene enters the "enzyme-like pocket" made by the two quinoline moieties:- and Corey postulates another bis-osmium complex - Sharpless-like ligands. JACS 1993, 115, 3828.

• 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"

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

• 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.

•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.

OsO4 axial oxygen

- Several analogs of the quinoline OMe were generated, and OTIPS lowered rates/enantioselection.- But a few months later, (July 28) Sharpless published a response. JACS 1993, 115, 12226

Important reference:

1994 - four publications by Sharpless and three by Corey in this single year, several presenting 
opposing theories and detailed studies on the source of enantioselectivity and the 2+2/3+2 problem.

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.

above is a plot showing how 
the kc was derived: plotting the 
[L] vs kobs/[olefin], and 
extrapolating to the ceiling.

• 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 OsO4 with ligand and monitoring via UV or NMR
• kc (saturation rate constant) should be proportional to the activation energy for an olefin ligand 
combination with any given ligand or olefin
• kc can be derived by the curve shown above using saturation kinetics and extrapolation.

Keq's for various ligands
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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:

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:

For your 3D viewing pleasure:

- Corey published an X-Ray of the bis-methiodide of his ligand, showing it had a conformation 
resembling his transition state and that the NMR in solution matched. TL 1994, 35, 2861
-Sharpless published how these structures can arise from a 2+2 intermediate, as supported by 
extensive MM2 calculations (and of course the 1993 ACIEE). Organometallics 1994, 13, 344 and 
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.

• 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 
subst. at A/B should completely disrupt it
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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.

-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.

Km 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 
expected for inhibition, with inhibition constants Ki.

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

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)

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

For a triphenyl alkene... • 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:

JACS 1997, 119, 1840.

- in the October issue, Sharpless published a paper with Houk and Singleton. JACS 1997, 119, 9907.
• t-Butyl ethylene allowed to dihydroxylate to 85% and 
90% conversion. Left over sm is extracted and 2H and 
13C 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 
[3+2] by <0.4%!!! [2+2] = 2-10%
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Players: Buchwald (MIT), Hartwig (Yale), and Blackmond (Imperial College, London)

Kosugi, 1983:

n-Bu3SnNEt2 +
Br (o-tolyl3P)2PdCl (1 mol %)

PhMe 100 ºC, 3 h

NEt2

n-Bu3SnNEt2
+

R2NH

Ar purge

80 ºC
n-Bu3SnNR2

NR2

Buchwald, 1994:
Ar-Br

Pd cat. (2-5 mol %)

105 ºC

Hartwig, 1994:

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

Buchwald, S. L. et al. JACS 1994, 116, 7901.

Pd(o-tolyl3P)2
p-tol-Br

Pd
Br

Pd
Br

tol

tol

Ptol3

Ptol3 n-Bu3SnNEt2

or LiNEt2

NEt2

Hartwig, J. F. et al. JACS 1994, 116, 5969.
1995 - Simultaneous reports of a tin-free system, preparatively simple system:

Ar–Br  + HNR1R2 Ar–NR1R2
"Conditions"

Buchwald Conditions:
Pd(dba)2/P(o-tolyl)3
or PdCl2(o-tolyl3P)2
NaOtBu
PhMe, 65 – 100 ºC

Hartwig Conditions:
Pd(o-tolyl3P)2
or PdCl2(o-tolyl3P)2
NaOtBu or LiN(SiMe3)2
PhMe, 100 ºC

Note: scope was restricted to secondary amines, except one 
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.

B ACIEE 1995, 34, 1348.
H TL 1995, 36, 3609.

Buchwald 1995 Mech: Hartwig 1995 Mech:

Buchwald reference 4:

1996 - Simultaneous improvement and scope expansion via ligand incorporation

Ar–Br  + HNR1R2 Ar–NR1R2
"Conditions"

Buchwald Conditions:
Pd2(dba)3/BINAP
NaOtBu
PhMe, 80 ºC

Hartwig Conditions:
(DPPF)PdCl2
NaOtBu
THF, 100 ºC

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

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.

Ph2
P

P
Ph2

Pd
Br

Ar NaOtBu

rt, THF Fe

Ph2
P

P
Ph2

Pd
OtBu

Ar
Ph2
P

P
Ph2

Pd
NHPh

ArPhNH2

PhArNH
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)

Pd(o-tolyl3P)2 + 2 BINAP
PhH, 87%

Pd(BINAP)2

Pd(o-tolyl3P)2 + 2 DPPF
PhH

Pd(DPPF)2 + [Pd(DPPF)]2(u-DPPF)

-First, by 31P-NMR and 1H-NMR spectroscopy, it was determined that Pd(BINAP)2 was the 
catalyst resting state.
-Second, stoichiometric reactions to observe the addition of PhBr to Pd(BINAP)2 were 
performed, revealing a surprising byproduct:

P

P
Pd

Ph2

Ph2

Br

Ph
Pd(BINAP)2

PhBr, 40 ºC P

Pd

Ph2

Br

PPh3

40 ºC, 12 h
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-Then he determined the rate orders for BINAP and PhBr for the oxidative addition (for the 
stoichiometric reaction)

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

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: k1. 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.

HNR2 + PhBr
cat. Pd(BINAP)2, BINAP, NaOCEt3

PhNR2

Primary Amines: Secondary Amines:

Primary amines displayed the expected zero order 
rate dependence with respect to ligand, base, and 
bromide (and amine, as shown by the plots of 
concentration vs time.
However, secondary amines showed a nonlinear curve wrt amine
 concentration over the course of the reaction. Hartwig: 
"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.

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

Path A and B are ruled out due to 
lack of dependence on [L]. Path C 
and modified B fit the reaction, 
having the ratelaws:

-With this prediction, he studied the catalytic reaction:

-Revised Mechanistic Proposal (BINAP)

60 ºC

Important Changes:
• Pd(BINAP)2 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)2

Hartwig's ending statement:
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2002 - Buchwald and Blackmond propose their own mechanistic revision (JACS 2002, 124, 14104)

Advantages of reaction calorimetry over standard kinetic measurements:
 • Avoids High excess of a reagent,which can purturb the catalytic cycle, shifting the rate-  
     limiting step
 • Can monitor slow activation of a pre-catalyst can manifest itself as anomalous substrate 
     concentration dependencies
 • Allows for determination of each individual rate constant through computer simulation
 • 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

So, lets look at an example:

Br

MeN
NH NaOtAm

1.0 equiv 1.2 equiv 1.4 equiv

MeN
NPh

Pd2dba3 0.01 equiv
BINAP    0.02 equiv
 (premixed, tol sol'n)

60 ºC

• initial negative order rate very unusual and not predicted by current mechanism
• 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)

So, what's with the induction period? Lets change the order of addition, and see what happens with 
multiple additions of PhBr

Br

MeN
NH

NaOtAm

0.86 M 1 M

Pd2dba3 + BINAP

60 ºC
OR HexNH2(11 mol% Pd based

on each add'n PhBr)

0.13 M injections

NR2

Br

MeN
NH

NaOtAm

0.86 M 1 M

Pd(BINAP)2

60 ºC(9.1 mol% Pd based
on each add'n PhBr)

0.13 M injections

NR2

• Reaction obeys first order kinetics after induction period in both amine and PhBr

• 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).
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• Ultimately, the overall rate matches either cycle for Pd2dba3/BINAP, but examination of
   individual rate constants lead B&B to favor the cycle on the right, especially due to k-1

2006 - Hartwig says "I don't think so" to the amine dependence with Pd(BINAP)2 (OL 2006, 8, 851)

2006 - later that year... ratio (1h --> 3h)

0.3:1 --> 1:1

0.2:1 --> 0.3:1

isolated palladium intermediates Pd2dba3 + BINAP

Pd2dba3 + 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.
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The agreed-upon catalytic cycle and derived rate equation:

And the equation shown in the abstract (I like this one better):

Rate equation before simplification, as extracted from the Supporting Information:


